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I. INTRODUCTION 
The development of superalloys reflects a growing demand for 
materlals wtth superior elevated temperature property response. 
Speciflcally, certain secttC>r's of gas turbtnes are constantly exposed to 
combinations of high temperature and corrosive atmosphere. 
Enhancement in the overall peformance, e.g., reUabt11ty and fuel 
economy, of rotat lng disk engine component~:, mandates improvements 
in high-temperature strength and resistance to fatigue (anure. It is 
known that turbine disk operating temperatures are general1y not 
greater than 760·C (1400·F) (I}. While stress rupture and creep 
strength are important, greater attention is directed to tensile 
strength and low-cycle fatigue response. 
Both processing and alloy composltion control final properties. In 
the late 1960'5 and early ! 970's, gas turbine disk mat,!rials with 
increasing stre1ngth and operating temperature capabjJjUes were 
introduced to meet tncreasing requirements of high-performance 
engines. Sup,,"alloys such as IN-l 00, t'IERL 76 and Rene 95 which are 
richer in alloying addttions than their predecessors, were introduced. 
There ts now a reaHzatton, however, that property improvements by 
alloying addition are frequently insuffjcient to meet the strongest 
requirements placed on these materials (2). Attempts to tmprove 
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property levels by increasing al10ying content followed by conventional 
ingot metal1urgy processing, such as vacuum induction melting (VIM) or 
vacuum arc remelting (V~q), lead to tncreoJes in both 
macrosegregatlon and microsegregation. Thus, problems arising from 
e)(tensive segregation and relatively coarse grain size decrease 
improvements in properties that may arise from alloying additions. 
Moreover, such increased alloying additions fr·I;IQ,uently preclude 
mechan'.cal working. Therefore, minimizing segregation and refining 
grain size have been the major conSiderations in superalloy processing 
for turbine disks. 
One alternattve is to resort to powder metallurgy (P/M) processing 
which leads to homogeneous fine-grained structures. Since each 
powder particle is a "microcasting", the e)(tent of chemical segregation 
is restricted to the ma)(imum powder-particle size and is thus reduced 
to the micrometer scale. These powders can be'easily consolidated by 
a variety of techniques, such as hot isostatic pressIng (HIP), e)(truslon 
or forging, e.g., Gatorizing (3). However, superalloy PIM processing and 
manufacturing are comple)( and e)(pensive operattons. In addition, high 
operating stress levels and long operattng lives require a high level of 
material cleanliness to reduce inadvertent inclusions in the component 
(4). Unfortunately, P/M processing includes many steps where the 
powders are "handled" and are thus prone to contamination. 
Other alternative approaches include the production of fine-scale 
microstructures via processes, such as vacuum arc double electrode 
remelting (VADER) and rheocasting (sttrcasting), where the 
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sol1dtficatton phenoMena are closely controlled. The VADER melttng 
process, developed by Special Metals Corporation of New Hartford, NY, 
iJllows one to prodUce! small, c'rack-free Ingots wtth f1ne grain size and 
10w levels of chemjc~1 segregation (5). Similarly, ingots of fine 
equtaxed nonder.dr·itic structure with reduced s:,rinkage and segregation 
can also be produced by the rheocasttng process that was developed at 
MIT by Flemings et al. (6). The structural characteristics inherent tn 
the VADER and rheocasttngprocesses are recognized as factors that 
might improve the properties and p.erformance Of the turbine disk or 
pe'.'rmlt the direct processing of lngots to shape components. 
The overal1 objective of thts 1thests is to: (1) design and build a high 
temperature and high vacuum rheocastlng furnace, 00 prepare rheocast 
ingots, (Ut) evaluate the effect of processing variables on the resultant 
rheocast structure, (tv) characterize the rheocast structure and explain 
the evolution of such a structure, (v) obtain VADER procesaed ingot and 
then characterize its structure and (vl) investigate the structural 
response to postsolldlfication thermal treatments and estabHsh 
process:ng-structure-property relationships. Nickel-base superalloy 
IN-IOO was selected for this study because it was not readily 
adaptable to conventional VIM/VAR processing and Is currently 
manufactured by P/M technology. A schematic of the overal1 program is 
given tn Figure 1. 
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II. BACKGROUND AND LITERATURE REVIEW 
A. Njcke:I-Base SuoerallQYs 
Nickel-base superalloys have played an essential role tn advanced 
transportation and power techl.)logies for over three decades. App1t-
cation of these alloys as components for aircraft, automotive and sta-
tionary power systems have permitted higher operating temperatures 
with resultant increased efficiencies. It is known that their use in the 
turbine sect ion of an aircraft engine has increased from less t~an 10" 
of the total weight in the 1940's to an excess of 50" of the c~rrent 
weight of the engine (7), Today, nickel-base superal10ys are used in 
space vehicles, rocket engines, nuclear reactors, submarines, steam 
power plants, petrochemical equipment and other high-temperature 
applications; however, their most common use is stilt in gas turbines 
(8). 
Due to the challenging service environment and the alloy 
development in response to the needs of that development, the entire 
supera1loy technology has been (.Ine of the most provocative of all 
metallurgical activities for the past 40 years. Process developments 
in superaltoys have been equal1y exciting. In fact, some specific 
achievements in the advance of superal1oys, t~.at is, stepwise 
increases in the capability of superalloys, can be clearly attributed to 
the advent of vital process developments. The process advances in 
nickel-base superal10ys Ii e (~) melting anti refining technologies 
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(9-14); (b) directional soHdiflcation (15), (c) single crystal process 
(15,16), (d) rapid solidification technologies, "Mtcrocasttng" (17- 22), 
and (e) mechanical alloying: oxide dispersion strengthened alloys (23). 
These process developments are further rev1ewed in Appendhc A 
Nickel-baf'le superalloys are the most complex of all supera11 oys. 
The simplest alloys contain Cr, AI, Tt, C, Band Zr; the most complex 
alloys contain several of these additional elements: Co~ Mo, W, Ta, Fe, 
V, Nb and Hf (24). The main phases present in nickel-base superalloys 
are the alloy matrix V, precl:pttated phase V· and carbides. The V· 
phase has an ordered FCC (Ll2 type) structure and precip1tates 
coherently in the FCC V matrix (25-32). The existence of "arious 
types of carbides is dependent upon the parttcular alloy composition 
and thermal treatment. Tl,e common classes of carbides in nickel base 
superaHoys are MC, M23C6, Cr3C7 and MC6 (7,33,34), In addition to 
main phases, other phases, such as borides (7), TCP type phases (35) 
and grain boundary V· (33,36), can also be present in nickel-base 
superalloys. The strength of nickel-base superalloys is mainly 
influenced by the relative contribution of two features-·"soHd solution 
hardening of the matrh( y and precipitat ion hardening due to V· 
preCipitates; see Figure 2 (37-42). The general microstructures and 
strengthening mechanisms in nickel-base superalloys are further 
discussed in Appendix B. 
----~' ..... ~-~'7 ...... '-~----'.".~ .. -, ., . 
. - _."'- . 
5 
1 
" 
I 
, 
t 
I 
B. Commercial Solidification Processw.s.1or Nickel-Base Pisk 
Super~J Joys 
In order to produce turb'ne disks for early engines, nickel-base 
superalloys (basically wrought alloys) w,re first cast to form an ingot 
and then were hot worked tnto the desired shape. The wrought alloys, 
which have a low content of precipitation hardening elements (t.e., Ti, 
AI) e)(htbit a wide workin,g t.emperature range and require relatively 
low flow stresses ano are thus hot workable (43). 
By the late I 950's, turbine engine operating temperatures were 
Clearly limited tr, the oJ)eratton-temperature capabiltty of the best 
available wrought al10ys (2), The approach taken to solve this problem 
was to tncrease the content of precipttatton hardening elements. 
Unfortunately, increasing the concentration of alloying e'ements 
concomitantly increases the required flow stress during working, and 
also reduces the hot working temperature range or window (44). The 
picture is further compl1cated by the fact that these alloys are prone 
to excessive segregation during solidification, which diminishes their 
ductility and further restricts their hot workability. 
In the following sections, current commercial vacuum melting and 
PIM technologies for the production of nickel-base disk superalloys 
are reviewed. 
B-1 Vacuum Induction Melting <VIM) 
Vacuum induction melting for nickel-base dtsk superalloys 
was first developed by Dr. Darmara of Special Metals Corporation (New 
Hartford, NY) in the early 1950·s. Since then, tremendous advances 
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have been made in VIM technology. both in the size of the melt and in 
process control. The VIM process minimizes the reaction of reactive 
alloying elements with the atmosphere and allows excellent 
compositional control and purity. The charge is simply melted in a 
crucible by induction. Sufficient pumping capacity has to be provided 
to maintain the chamber pressure during melting to the range of -, 0 
~m (J x 10-2 torr). VIM processing has been reviewed in detail by 
Cremisio (9), Boesch et al. (5) and Pridgeon et al. (45). 
The advantages of VIM over air melting for nickel'-base disk 
superalloys are (a) prevents contact with air and minimizes 
inclusions, (b) removes dissolved gases and volatile constituents, (c) 
homogenizes melt compOSition by induction stirring, and (d) accele-
rates refining kinetics (45). However, using the VIM process in making 
nickel-base disk superalloys exhibits the following disadvantages: (a) 
solutes are segregated on a macro and micro scale, (b) an inhomoge-
neous grain structure and massive shrinkage are developed, (c) hot 
tearing takes place, and (d) ingots cannot be directly hot worked(46)' 
B-2. yacuum Arc Remelting (YAR) 
In the VIM process one ':.annot control the solidification 
structure, but rather the aim is to attain the desired chemistry and 
purity; whereas in the VAA process one controls the soltd-Hqujd 
Interface motion, specifically. the width of the mushy zone and the 
local solidification time. In VAA, the VIM ingot that is the electrode 
is positioned vertically and remelted into a water-cooled metal 
crucible. The energy for melting is generated by electric arcs that are 
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struck between the bottom of the electrodes (usually the cathode) and 
the ingot top surface (usually the anode), Metal is transferred to the 
crucib'le drop by drop and the VAR ingot is slowly built up . 
Soltdification tn the VAR process is directtonal be.cause heat 'IS 
e)(tracted from the bottom of the molt:sn metal pool. 
The VAR process e)(htbits ~he followIng advantages over the ViM 
process: (a) controJled mushy zone length, (b) refined grain Size, (c) 
Shorter local soltdif1cation time, (d) Reduced macrosegregation and (e) 
elimination of shrinkage pipe(S,9,45), 
The advantages of VAR are overshadowed by two major 
disadvantages: macrosegregation and nonuniform grain size tn the 
ingot. The deleterious segregate phases that diminish the ingot's hot 
workabiJjty are "tree rings" and "freckle" segregates (39). These result 
from tnterdendrtttc liquid that are rich in solute content. The 
nonuniform grain size ~n the ingot results in a poor distribution of 
second phases (42). 
B-3. Powder Metallurgy (P/M) 
In the late 1960's and early 1970's, gas turbine disk materials 
with increasing strength and operating temperature capabilities were 
introduced to meet incr()asing requirement.s of high performance. 
Alloys like IN-l 00, MERL 76, Rene 95 and AF 115, which are rich in 
alloying additions, are prone to e)(cessivp. c::~gregatton and suffer from 
poor workability after VAR. The local ~101idh ication time for these 
alloys needed to be reduced substanti(:Jlly from that obtained by VAR 
processing. This was achieved through powder metallurgy, 
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In powder metallurgy, the first breakthrough was the ability to 
prodUce clean prealloyed powders in commercial Quantities. Such a 
powder particle is tn fact a "microcasting". and the particulates can be 
easHy consolidated by a variety of processes (e.g., sintering, HIP, hot 
extrusion, forging and cold pressing) and may be denslfied to net shape 
without any postdens1flcatton deformatlon (19,46). Furthermore, the 
compacted powders can be subsequently hot extruded to give rise to an 
ultrafine grain size. This fine recrystallized grain structure exhibits 
high superplastlc behavior when deformed at high temperatures under 
appropriately low strain rate conditions, e.g., Gatorizlng (3). 
P/M processh,~\ of nickel-base superalloys offers the following 
advantages when compared to convent1Qnai vacuum casting processes: 
(a) extremely flne grain size, (b) redUced Microsegregation, (c) 
drastically reduced segregate spacing (microsegregation), which 
enables the component to be homogenized upon thermal procersing, and 
(d) hot workability. 
There are, however, severa,l problems with P/M processing. In 
practice, it has been found that the maximum allowable operating 
stresses are not only dependent on major alloying elements but are 
also limited by the defects present in the powders. Moreover those 
defects cannot be detected by current NOT techniques (2). The defects 
may be ceramic particles or organic particulates. Utilizing finer 
powder fractions can reduce the defect size, but their elimination 
cannot be guaranteed (47). Furthermore, powder handHng is not only a 
costly operation (due to the requirement of clean-room processing, 
glove boxes and other cleanHness conditiorls), but also a serious 
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safety hazard (4). 
C. Vacuum Arc Double Electrode Remelting (VADER) 
The VADER process, patented by Special Metals Corporation (48), 
is a potential alternative to PIM processing. A schematIc diagram of 
the process 1s shown in Figure 3. In VADER, an arc is established 
betw~en two consumable electrodes and :.1e molten metal is allowed 
to drip into a stationary, rotating or withdrawing mold located be-
neath the electrodes. The metal drips from the faces of the two 
electrodes, and essentially these droplets are consoHdated in-situ in 
the mold. The droplets fall with very little, if any, superheat. In fact, 
droplet temperature measurements indicate that they are slightly 
below the liquidus temperature of the alloy, e.g., droplet temperature 
measurements on IN-718 alloy were found to be 11·C (20·n below the 
liquidus temperature as measured by OT/~ analysis (45). Accordingly, 
it is suggested that metal droplets contain solid particles or nuclei as 
they fall into the mold (4,5,45). However, the origins of the soUd 
particles or nuclei formed in the metal droplets are still uncertain. 
Further work is needed to understand the exact mechanism of VADER 
processing. 
VADER processed ingots of nickel-base superalloys consist of 
eQuiaxed ncndendritic fine grains (4,5). The formation of fine-grained 
VADER castings is explained by the hypothesis of numerous nuclet 
being present in the semi liquid mass and subsequent grain growth 
being interfered with by preCipitated phases. The VADER process has 
the following benefits compared to conventional VIM-VAR processing: 
10 
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(a) uniform fine grain size (typically 1 00 ~m), (b) reduced Mdcro-
segregation, (c) less prone to internal cracking, (d) improved hot 
WOrkabll1ty, (e) more energy efficient (5). 
O. Bheocasting (Stjrcastjng) 
Rheocasttng is another process that may improve the hot 
workability of nickel-base disk. supera11 oys. In the subsequent 
sections, rheocasting applications (0-1), rheocast structure (0-2), the 
mechanism controlling the evol/uticn of the rheocast structure (0-3) 
and mechanical properties of rl'leocast products (0-4) are reviewed. 
0-1. Rheocasting APplications, 
Rheocasting, a casting of semisoHd slurries, was lnvented and 
developed at MIT by Flemings at a1. (49). Rheocast slurries are 
thi)(otropic and show a hysteresis loop phenomenon simi lar to ot:her 
well-known thi)(otropic systems (50). The concept of rheocasting is 
e)(plained by the use of a simple eutectic phase diagram (Figure 4). 
While the melt is cooled through the mushy zone, it is mechanically 
stirred; subsequently, the melt is held at a given temperature 
(corresponding to a certain fraction solid) - isothermal hold - while it 
is continUOusly sheared. Rheocast metal has been produced continu-
ously at volume fractions solid ranging up to about 70" (49). After 
shearing, the rheocast slurry may be cast into a receiving crucible, for 
e)(ample, through bottom pouring (continuous), or it may be allowed to 
solidify in the original processing crucible (batch). The resultant 
cooling rates will obviously differ. Various different alloys have 
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been rheocast in either batch or continuous mode, Work has been 
reported on AI-base (30,51,52), Cu-base (53), Pb-Sn (54), Fe-base 
(55), Co-base (56) and Nt-base (57) alloys, The bastc rheocastlng 
concept has been e)(tended to produce composite materials and 
wrought-slurry cast1ngs simtlar to squeeze casting. Some of the more 
notable processes that have derived from the rheocastlng process are 
compocasting (58), thi)(ocasting (6) and thlxoforging (59), 
0-2, Rheocast Structure 
Dendritic soHdification, which arises because of the break-
down of the plane front solid-liquid interface, is wel1 established and 
has been reviewed in detail (14,60), The evolution of the grain 
structure in a casting is also well understood and that there is a 
relationship between the size of the dendrites and the resultant grain 
size (60). The conventional dendritic structure is altered by 
manipulating the processing condition. For e)(ample, Kattamis et al. 
(61) have shown that magnesium alloys, grain refined by zirconium 
catalysts, exhibit a spherical morphology where grains have a size 
equal to that of the dendrite arms, Also, by fragmenting the dendrite 
arms by rheocasting, one can produce a cast structure having an 
eQuia)(ed nondendritic morphology (50,54). 
Rheocast structures have been shown to be affected by four 
independent variables: shear rate, cooling rate, stirring time al'ld 
volume fraction of primary solid particles (6,49-59,62-65), However, 
these observations and e)(planations are focused on the resultant 
structures that were obtained by stirring in the mushy zone and 
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subsequently water Quenchtng the casting. It has been concluded that: 
• The primary soUd particle size decreases as the shear rate, 
cooUng rate or stirring tlmel increases. In addition, as the 
volume fraction soUd increases, one observes larger primary 
soUd particles. 
• Particle shape is strongly affected by shear rate, sttrring time 
and volume fraction soUd. Increasing shear rate, stirring time 
or volume fraction solid results in an increase in the sphericity 
of the primary soUd particles. 
Furthermore, rheocast structures offer the fo11owlng advantages 
over conventional cast structures ( 14,49): 
• Reduced shrinkage and potential of crack formation 
• Mtcroporosity, if present, is uniformly distributed 
• Formation of a fine and nondendritic grain structure 
• Reduced segregation. 
0-3. Mechanism of Rheocastjog 
Various hypotheses, such as dendrite arm remelting, mechanical 
fracture of dendrite arms and enhanced nucleation, have been reported 
as mechanisms giving rise to the rheocast structure. Unfortunately, 
none of them have been seriously studied and confirmed. Vogel et al. 
(65), however, have proposed a model for the fragmentation of the 
dendrites during stirring based on the formation of high-angle grain 
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boundaries in the dendrites fo11ow\ng bending of the dendrite arms. 
Due to fragmentation of the dendrites, the effect of stirring would 
change the primary solid particle morphology from purel)' dendritic to 
spherical. This model, known as the Vogel-Doherty-Cantor model, has 
been studied and confirmed by Lee (52). Recently, Doherty et a1. (63) 
reviewed the literatu,'e on the development of the rheocast structure 
and presented some new evidence in support of the model for 
rheocasting. Highlights of their findings are discussed below. 
Vogel et a1. (64) showed that the solute gradient ahead of the 
primary solid particle became steeper with stirring since the 
thickness of the solute-enriched layer was reduced due to stirring. 
Because of this, the propensity of the solid-liquid interface to be 
unstable increases, giving rise to dendritic solidification. However, 
nondendrite spherical primary solid particles have been observed (6). 
This conflict has been explained by Vogel (30), who pOinted out that a 
high density of growing particles gives rise to shape stability by 
virtue of a reduction in the thermal and solute gradients, because of 
"soft impingement" of the diffusion field between adjacent growing 
"articles. As a consequE'nce, Doherty et a1. (63) concluded that the 
observed shape stabi lity in rheocastings ml.Jst arise from the high 
density of growing particles. 
Spencer et a1. (54) showed that a Sn-15 w/o Pb alloy behaved as a 
normal metallic solid with a significant shear strength when partially 
solidified without stirring at solid volume fraction of more than 20", 
However, after plastic shear strains had been imposed on the two-
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phase dendritic structure, the strength of the mixture rapidly 
collapsed to give HQuidHke (Slurry) mechanical properties. Micro-
structural studtes by Spencer et at (54) showed that the lnttial 
dendritic structure was fragmented by sUrrtng the partially so1tdifted 
aHoy. The result was a high denstty of almost spherical solid 
particles. In addltton, many of the spheres contained trapped liQUid. 
Simtlar structures were also produced by stirring whtle the alloy was 
cooled from above the HQuidus temperature (50,53,65). However, tt 
was not certain whether these high-density spherical particles were 
formed due to enhanced primary nucleation or dendrite fragmentation. 
Vogel et at (65) observed no signiftcant increase in the number of 
nuclei when stirring was applied during the early stages of freezing, 
and therefore have suggested that the formation of the additional 
number of small particles is due to dendritic fragmentation only. 
However, their observations were based on the results of a single 
experiment. Therefore, before further studies are completed, the 
possibiHty of the formation of high-density spherical particles due to 
enhanced primary nucleation during stirring cannot be ruled out. 
Joly and Mehrabian (50) have also reported that at low shear rates 
clusters of primary solid particles build up, whereas at high shear 
rates such clusters break up. However, they did not offer a compre-
hensive model of the development of the rheocast structure. Vogel et 
at (65), on the other hand, have proposed a model that attempts to 
account for both the initial fragmentation of the dendrites and the 
Joly- Mehrabian clustering rea~tions. The model is based on the 
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formation and melting of gratn boundaries, produced either by 
deformation or by stntering. Figure 5 shows the schematic model of 
this grain boundary fragmentation mechanism. The dendrite arm in 
soft ductl1e mater~al is first ~~nt through an angle 8 when e)(posed to 
turbulent fluld flow. This plastic bending will introduce large 
misorientations into the dendrite arms. Such disloca- tlons, if 
randomly distributed, will have a high elastic ~nergy. which can be 
reduced by the migration of the dislocations to form grain boundaries. 
If a grain boundary has an tnterfaclal energy Ygb greater than twice 
the s('lid-Hquid interfacial energy YS-L' the grain boundary will be 
replaced by a thin layer of liquid, and thus the dendrite will break 
apart along the prior boundary. On the other hand, if a boundary forms 
with Ygb < 2YS-L' the boundary should survive and remain in the 
microstructure such that it can be detected metal1ographically. 
A considerable quantity of evidence has been produced in support of 
the Vogel-Doherty-Cantor model (30,52,63,65,66). Some of the 
evidence is listed below: 
(1) Bent but unrecrystal1ized regions have be~m observed within 
rheocast pC\rt ic les. 
(ii) Grain boundaries have frequently been seel) within isolated 
rheocast part ic les. 
(j i i) Most of the grain boundaries observed were indeed the expected 
low-angle boundaries (Jess than 15-), and the remainder were 
large-angle but low-energy boundaries, such as twin boundaries 
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or boundaries that were known from sintering experiments 
done by Gleit.er et al. (67). It is known that two separate 
soUd particles could sinter together if they came into contact 
at a I"elative misorientation corresponding to a low-angle 
boundary. 
(iv) In rheocast materials, two types of solute proftle have been 
detected at grain boundaries. One profi Ie shows no segregation 
of solute at the boundary, which is expected for boundaries 
resulting from recrystallization; the ot~/er prof tie shows 
a local peak in solute content, which is expected for boundaries 
resulting from sintering (52,63). 
(v) Large-angle grain boundaries can indeed be produced by the hot 
bending of single crystals of high-purity aluminum (52). 
Even though some features of the fragmentation phenomenon have 
been shown above to support the Vogel-Doherty-~antor model, the 
following questions about the model have not yet been addressed and 
require investigation: 
(1) All evidence given so far has only confirmed that low-energy 
boundaries did exist inside primary solid particles of the 
rheocast structure. However, the effect of processing 
variables(e.g., stirring time) on the quantity of low-energy 
boundaries has not been qualitatively or quantitatively studied. 
I t is expected that the movement of a grain boundary may be 
rapid at such a high temperature in the solid-liquid phase 
region. 
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(ii) Will ,r,w-anr,le grain boundaries stHl survive or be detectable 
inside rheocast gr3ins after the sample has been furnace cooled 
instead of watet' quenched to room temperature? 
(iti) This model is suitable oniY to explain the morphology change of 
ductile primary solid particles by stirring during solidification. 
It does not consider the response of brittle primary solid 
particles, e.g. Fe- or 5i- rich primary solid particles in the 
soHdification of hypereutectic alloy systems, upon the process 
of rheocasting. Those br'ittle solid particles may be 
mechanically fractured immediately after bending. 
(tv) In this model, it is suggested that a thin layer of Hquid will 
replace the unstable high-energy grain boundary and the dendrite 
will break apart along the prior boundary. However, the speed of 
the Hquid penetrating through the grain boundary has not been 
considered at all. Roques-Carmes et al. (68) have investigated 
the penetration of aluminum grain boundaries by llquid gallium 
and have shown that the speed of penetration is very rapid (e.g., 
it took about 5 minutes to penetrate a distance of 2 mm at a 
temperature of 120·C). Accordingl',', in rheocasting the dendrite 
arm formed at the early stage of soHdification is so fine that it 
can take less than a second for liquid to penetrate the boundary 
in the dendrite arm. However, it has also been suggested that 
the reSistance to grain boundary sliding under stirring-induced 
shear force at a temperature near the melting point of the 
material can be expected to be extremely small. After the grain 
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boundary 1S formed inside the dendrite arm by plastic bending, 
the dendrite may break apart simply because of grain boundary • 
sltding with no requirement of the gratn booodary energy or even 
before the liquid could actual1y penetrate the gratn boundary. 
Therefore, to clearly understand the exact mechanism of 
dendrite arm fragmentation during rheocasting, furth~r 
Qual1tative and Quantitative investigations are needed. 
0-4. Mechanical properties 
The mechanical properties of various rheocast aHoys have been 
reported by Flemings et al. (69) and have recently been reviewed by 
Lee (53). The structures evaluated conSisted of duplex structures (I.e., 
coarse and spherical primary solid particles surrounded by fine and 
dendritic liquid phase) that were produced by stirring during 
solidification and subsequent water Quenching. 
All the rheocast duplex structures were reported to exhibit tensile 
properties lower than those of c(lnventionally cast or wrought alloys 
(52,69). Lee (52) suggested that the large Quantity of sheet-shaped 
oxides and impurity particles developed in the rheocast alloys is likely 
to be responsible for the poor tensile properties of AI-base al1oys. 
The effect of stirring on the fracture toughness in AI al10ys has also 
been studied by Vogel (30) and Lee (52). The results indicate that the 
rheocast structure is tougher than the conventional1y cast product 
(30,52). Doherty (70) suggested that the fracture toughness in 
rheocast alloys is improved because the crack path is modified by th~ 
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presence of large, soft spherical primary solid particles in the hard 
liquid matri)(, In addition, Lee et al. (52) pOinted out that the 
reduction of porosity by stirring appeared to be another contributing 
factor. 
E. Healing of Casting by Hot Isostatic Pressing, (HIP) 
HIP, which is routinely used to consolidate and manufacture near 
net shape parts in PIM, has been found to be the only effecttve way to 
eliminate mtcroporosity and voids in castings (71), Denslfjcatlon 
parameters in the HIP process are pressure, temperature and time, HIP 
collapses voids and porosity by creep or plastiC deformation (72), It 
not only creates a fully dense casttng but also improves the structural 
homogeneity of the casting (73). HIP does not usuaHy affect 
dimensions since the pores are small (74), However, HIP has the 
limitation that It cannot heal the surface-connected porosity (75). A 
more detailed review of the HIP process is given In Appendi)( C. 
F. Mechanical Properties of Nickel-Base Turbine Disk Superalloys 
Turbine disks operate at temperatures below 750·C ( 1400·F) 
( 1 ); the ma)(imum temperature occurs at the outer edge or rim of discs. 
In the hub section, toward the center of the disk, temperatures are 
much lower. Materials therefore require sufficient tensi Ie strength. 
In addition, fatigue resistance is a parameter that cannot be ignored. 
Low-cycle faUgue (LCF) is considered to be the life-determining 
property for turbine disks. 
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F - 1. Tensile prQpert ies 
As was discussed in section A of this chapter, nickel-base 
superalloys are strengthened mainly by solid solution hardening of y 
and precipitation hardening of y', In addition, carbides, which appear 
to nucleate preferentially at grain boundaries j have a significant and 
benefiCial effect on high-temperature strength and their morphology 
influences the ductHity level of the alloy ('7,42,78-80). Other phases, 
such as TCP phases, borides and grain boundary y' denuded zone, also 
have a specific effect on the properties of the alloy (36,71,79,81-83). 
The grain size of the alloy also e)(hibits'a great effect on the tensHe 
properties of superalloys. It has been shown that decreasing grain 
size increases the yield and ultimate tensile strength; however, it 
Ijecreases U",e ductility at a testing temperature of 650·C (I 200°F) 
(84). Furthermore, cast nickel base superalloys.respond favorably to 
HIP (85). More detailS of tenstle properties affected by the above 
additional factors in nickel-base diSK ~uperalloys are reviewed in 
Append i)( O. 
F-2. Low-Cycle Fatigue (LCF) - Fatigue Crack propagation (FCP) Rate 
Fatigue is usually the 11fe-limlting factor for modem aircraft 
turbine engine disks. Good reSistance to FCP is important, as well as 
r'esistance to crack initiation. Of particular interest and importance 
to the industrial sector are the kinetics of crack propagation. For 
e)(ample, there Is a schedule of NOT inspections to detect defects 
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(cracks) and flaws, and it is Important to ensure that crack tntt tat ton 
and propagation to failure will not occur prior to the ne)(t scheduled 
inspect ton. 
The FCP rate (da/dn) can be correlated wtth the stress-Intensity 
factor range (AK) accordtng to the Parts-Erdogan relationship (86): 
where 
daldn • CAKm (I) 
L; crack length 
n: number of cycles 
AK: stress-Intenslty-factor range, (AK • Kma)( - Kmin) 
C,m: function of testing conditions 
Clearly, the FCP rates are prImarily a function of AK (86-88). 
However, the load ratio (Rratio • Kmtn/Kma)() (87,89,90), loading 
variables (i.e., cyclic frfa"lJency and wave form) (91,92), testing 
temperature and environments (84,91-97), and Microstructures 
(71,84,92,97-104) can also significantly affect the FCP rates. The 
microstructures that have b~en studied include grain size, y' particle 
size and grain boundary phases and morphology. At constant testing 
conditions and constant y' particle size and volume fraction of fine y', 
it has been shown that increasing grain size reduces the FCP rate (84). 
A fine grain size promotes rapid intergranular crack propagation, 
whi Ie a coarse grain size promotes slower, transgranular crack 
growth. The effects of these factors on the FCP rates of nickel-base 
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III. EXPERIMENT At. PROCEDURE 
A. Matertals 
The nominal composttton of the as-received IN-IOO ingot that 
was subsequently rheocast Is shown In Table I. All the chemical 
analyses in this study were carried out. at Cabot Corporation, Kokomo, 
IN. The camon content of the alloy is 0.06 wlo, which is lower than 
that of the commercial cast IN-IOO, i.e., 0,18 w/o. All the as- received 
ingots were made by the VIM process and were purchased from Cannon 
Muskoegan. 
The VADER ingot, which was processed at Special Metals Corp. of 
New Hartford, NY, was also a low carbon IN-IOO alloy. The composition 
of the VADER ingot is also given in Table I. 
B. Solidifjcation Apparatys and processing 
B-1 Rheocastjng of IN-IOO Nickel-Base SuperallQ¥ 
It is complicated to rheocast nickel-base superalloy 
because the design of the rheocasting apparatus has to meet the 
following major requirements: 
(j) a high-temperature furnace to melt IN-lOO alloy. 
(ij) a high-vacuum environment throughout the whole operation of 
melting, stirring and furnace cooling. A special design of 
stirring shaft and a high-vacuum seal are needed. 
(Hi) high-quality crucibles and stirring paddles that can be 
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used at a temperat\l'e higher than 1400·C (2550·F). 
(IV) an immobile crucible assembly during stirring. 
(V) a good temperature control dUring rheocasUng. 
A GCA vacuum hot-press f\l'nace was modified to a high-vacuum 
rheocasttng furnace. A schematic diagram of the apparatus is shown in 
Flg\l'e 6. A ferrofluidic vacuum rotary faed through seal was used, 
which transmitted 1001 positive rotation into the vacuum chamber by 
means of a soUd through-shaft design and a Ferrometric (magnetic) 
seat A more detailed schematic of the crucible assembly is shown in 
Figure 7, where the various components are indicated. A photograph of 
the total assembly ready for a rheocasting run is shown in Fig\l'e 8. 
Note that a plate (indicated by ·X·) in Figure 8, is placed on top of the 
crucible assembly and is held down by four high temperature bolts and 
springs. This ensures that the crucible is held down and is immobile 
while the paddle 1s rotated. 
The charge was induction melted in a crucible. A 30 kw 
Inductotherm unit was used; the Al2'l3 crucible was heated by the use 
of a graphtte suceptor. At the 12 o'clock position of the vacuum 
chamber (Figure 6), an annular stainless steel tube was installed, 
which performed three functions: permitting vertical motton of the 
stirrer, functioning as a water-cooHng jacket, and maintaining the 
vacuum at all times. Within the stainless steel water cooling jacket, a 
stainless steel rotating shaft, which was attached to a ferrofluidic 
seal shaft, was immersed at the 6 o'clock position within the jacket. 
This shaft was connected to the alumina stirrer paddle. 
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In of'der to maintain a constant seal, the water",cooled jacket was 
welded to a flange, which in turn was fastened to the ferrofluidic 
casing. The rotational movement of the tnner shaft was provided by a 
variable speed motor connected via a belt to the pulley and was 
mounted tn the rotating shaft. The tool aSSembly was coupled to a 
hydrauHc piston that provided the vertical motion of the paddle. 
At the temperature corresponding to the desired fraction soUd, the 
paddle was lowered tnto the crucible via the hydraulic ram, and then 
the driving belt was engaged. Upon completion of the stirring action, 
the pulley was disengaged and the assembly was raised vertlcal1y via 
the hydrauHc ram. The prepared rheocast slurry was left to solidify in 
the crucible. 
The cruc'lble was made of high density and high-purity alumina 
(AI203)' The crucible had an Inner diameter of J 7/8" (9.9 em), height 
of 75/8" (19.4 cm) and wall thickness of 1/8" (0.3 em). The stirring 
paddle was also made of high-density and high-purity Al203 which , 
was cut to stze to fit the alumina cruCible, ensuring a maximum 
clearance of 1/2" 0.3 cm) on both sides and the bottom of the paddle. A 
photograph and a schematic diagram of the paddle and crucible are 
shown in Figure 9. It has been calculated by Lee (52) that, when a 
hoJ1ow rotor is 'lJsed to stir AI-base slurry, the estimated average 
shear rate increases as the clearance between the rotor and the 
crucible waH decreases. Accordingly, in these rheocasting experiments 
a clearance of 1/2" (1.3 cm) was selected and provided adequate 
stirring. The paddle had a rectangular' shape and was 27/8" (7.3 cm) 
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wide, 112- 0.3 cm) thick and 10 1/2- (26.7 cm) long. Cracks were 
observed on the surface of both the crucible and the paddle after 
furnace cooHng, and therefore crucibles and paddles were used only 
once for a given run. 
Two to four W-5" Re/W-26" Re thermocouples were inserted 
through the wall of the graphite suceptor, which touched the outside 
waH of the alumina crucible at different locations along its length, 
Figures 7 and 8. A strip-chart recorder was used to obta;,n continuous 
temperature-time curves during melting and subsequent rheocasting. 
To estabHsh the temperature difference between the liquid metal and 
the outside wall of the crucible, a temperature calibration run was 
made a priori. An as-received IN-JOO ingot was melted in vacuum and 
held at a temperature of 30-C (54-F) above the liquidus. Two thermo-
couples were placed into long alumina tubes (one end closed) and 
slowly lowered into the melt until they reached positions 1/2- and 2-
(1.3 em and 5.1 cm), respectively, above the bottom of the crucible. The 
furnace power was then lowered and the temperature reading for each 
thermocouple was recorded. The thermal profiles during solidification 
for all of the thermocouples are shown in Figure 10. 
The processing approach and the variables that were evaluated are 
shown in Figure II. As is indicated by a vertical arrow tn this Figure, 
the stirring was inttiated while the charge was completely molten. 
The temperature at which the slurry was equilibrated and stirred for a 
period of tIme (ts) was dIctated by the desIred fractIon soltd In the 
slurry. The lower the temperature within T Land 'r 5' the higher the 
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fract.ion of 50'·,d present in the slurry. In order to obtain the 
relatonship of voh.lme fraction solid as a function of temperature, a 
differential thermal analysis (DT A) of IN-1 00 was carried out at 
Special Metals Corporation. Three samples in the as-received VIM 
condition were analyzed. Figure 12 shows the thermal analysis, 6T 
versus T, of IN-1 00. The Hquldus, soHdus and y' solvus temperatures 
are shown. At any temperature in the mushy zone, the rat io of the 
shaded area (Figure 12), to the total shaded area gives an estimate of 
the fraction of llquid present at that temperature. The reSUltant volume 
fractton solid (f s>, which was present as a functlon of the temperature 
in th~ mushy zone, is shown in Figure 13. 
The process variables e)(amined were: 
(1) Fraction solid, f s- maintained at 35". 50" and 65". 
The highest volume fraction solid of 65~ was selected 
because at the volume fraction solid of 70~, the stirring paddle kept 
collapsing. 
(i i) St irring speed, y - st irred at 325, 450 and 560 r'l:>m. 
The stirring speed of 560 rpm was the upper limit. Above 
this limit the slurry splashed out on the inner surface of the 
furnace chamber. 
(li1) Isothermal stirring time, ts - held at 15 and 45 minutes while 
stirring. 
These two isothermal stirring times were chosen simply to study 
the effect of isothermal stirring time on the structure and properties 
of rheocast ingots. 
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The fo11owing procedure was used ckring rheocasttng. The f\l"nace 
chamber was evacuated to about 4 x 10-2 pm (4 x 10-5 torr) by means 
of mechanical and diffusion punps. The power to the induction unit 
was then turned on. In order to fu11y melt the charge, the power was 
raised to a maxim"" of 5 kw. Upon complete melting of the charge, the 
V8Cwn was increased to 0.6 Jim (6 x 10-4 torr); this level of V8Cwn 
was maintained throughout the rheocasting operation. The paddle was 
then lowered into the melt to its proper stirring position and rotated. 
Simultaneously, the alloy was slowly co()led with a constant cooltng 
rate through its soHd-Hquid temperature range. When the temperature 
corresponding to the destred volume fraction soUd was reached, the 
temperature was equtltbrated and the slurry was stirred for a given 
period of t1me, ts' F1na11y, for runs sttrred at the volume fract10n 
soltd of 351, the paddle was im.mediately raised out of the crucible 
when the stirring was terminated and the slurry was allowed to 
completely soHdtfy tn the furnace. However, for runs stirred at the 
volume fractions solid of SOl and 651, the slurry became viscous and 
the paddle could not be raised from the slurry. As a consequence, for 
those runs stirred at 501 f s and 65" f s' the slurry was simply furnace 
cooled without lifting the paddle. 
During the initial runs, both crucible and paddle failed. The 
crucible collapsed when the power rate was rapidly increased. It was 
found that a rate of 1 kw/hr was the maximum allowable rate while 
minimizing thermal shock. The stirring paddle also collapsed when It 
was lowered into the melt. To prevent the stirring paddle from 
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faih.ring, the following two additional steps were taken: (U during 
melting of the charge, the paddle was preheated by lowering It to a 
position just above the melt s\l'face, and un subsequently, the paddle 
was lowered into the melt slowly, I em/mtn. 
Table II Itsts meocasUng runs made \I'lder d1fferent processing 
variables. The soltdif1ed ingots with or without the rotating paddle~ 
were sectioned for structural characterization studies and post 
solidiftcation thermal treatments. A schematic diagram of the 
secttoning mode is shown in Figure 14. 
B-2 Vacwm Arc Doyb)e Electrode Remelting (VADER) 
The microstructure and mechanical properties of the rheocast 
Ingots were evaluated and compared to the VADER cast ingots. A sche-
matic of the VADER melting process is shown tn Figure 3. In the VADER 
process, two consumable electrodes, which could be either VIM or 
electron beam refined ingots, are arced against each other with no 
additional power input into the remelted pool. The molten metal is 
al10wed to drip into a stationary mold located under electrodes. The 
arc polarity can be rever'sed to offset the different consumption rates 
between the cathode and anode (abour 10K). The mold can be rotated up 
to 100 rpm to distribute droplets and create a uniform metal meniscus. 
The experimental unit utilized at Spectal Metals Corp. was capable 01 
productng products ranging 'from 4 to 12 inches (10 to 30 cm) tn 
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diameter and up to ISO Ibs (66 kg) in weight. 
A 100 lb (45.5 kg) tngot of IN-IOO Nt-base superalloy was produced 
by the VADER process at Special Metals Corporation. In order to 
characterize the structural featlres and to evaluate the material's 
crack propagation reSistance, the VADER ingot was sect·toned into 10 
specimens, as shown in Figure 15. 
C. PostsoUd1{1cation Thermal Treatments 
C-I Hot Isostatic Pressjng (HIP) 
Ingots made from runs -6 (nonstirred), -10, -20 and -26 
(Table II) were cut verttcally into two sections. One sect10n from each 
run Hsted above together with ingots made from runs -19, -22 and -29 
and VADER (Table II) were then subjected to HIP at IS ksi 003.4 MPa), 
1160·C (2160·F) for 3 hours. The HIP' pressure and time used were 
those'for commercial nickel-base superalloys. The HIP temperature 
depends on the y' solvus temperature, and in order to find out the 
·correce temperature, nonstlrred, rheocast and VADER specimens were 
homogenized at 1160·C (2160·F) and 1200·C (2190·F) for 3 hours under 
an argon atmosphere. A K-type (Alumel-Chrome1) thermocouple was 
inserted into each sample to contl-'ol the temperature of the specimen 
at the accuracy of to.6·C ( I·F) during isothermal holding. The 
resultant microstructures were examined, and based on this analysis, a 
HIP temperature of 1160·C (2160·F) was chosen. 
HIP of the samples was carried out at Special Metals Corporation. 
Four Pt-pt 101 Rh thermocouples were placed adjacent to the ingots to 
31 
.-
... 
, 
i ,I , , 
," . 
... ' . 
, ~.J 
, "'" ) 
! 
I 
, t 
.----...~ 
I 
! 
I 
_. 
~ . ~'--~-- ~~~- ~ :~ .~--~. -~ -~- .. -~ ... ~""""'----.mIf'~<t1' ... +-. - .• 
monitor the temperature. The temperature was controlled at 1160·C t 
20·C (2160·F t 3S·F). The HIP ingots were subsequently cooled in the 
furnace under an argon protective atmosphere. 
C-2 Heat Treatment 
The HIP ingots were then heat treated in a commercial salt 
solution; the heat treatment was carried out at Carp~nter Technology 
Corporation, Reading, PA. The heat treating cycle included a solution 
treatment and three ag1ng treatments as listed below: 
• Solution1zlng at 1120·C (20S0·F) for 2 hours and 011 
quenching 
• Primary agtng at 870·C (l600·F) for 0.67 hours (40 
minutes) and air cooltng 
• Secondary aging at 6S0·C 0200·F) for 24 hours and air 
cooling 
• Final aging at 760·C (1400·F) for 4 hours and air cooling. 
The above cycle Is the heat treatment cycle also used by the NASA 
Lewis R~search Center for processing of their commercial P/M IN-iOO 
superalloy components. 
O. Specimen Preparation and Mechanical Testing 
0-1 Tensile Test 
Two specimens cut from each heat treated HI P ingot 
were machined and subsequently tensile tested. Figure 16 Indicates the 
locations in each Ingot from which the specimens were sectioned. A 
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schemattc diagram of the test specimen, which conforms with the 
speclftcations given by ASTM E8, Is shown 10 Fi9'l"e 11. Testtng was 
carried out at a cross-head speed of 0.05 Inch/minute (0.121 
cm/minute) in a standard Instron machine at 65O·C U200·F); protecttve 
atm()sphere was not prClvided. All of the tensile testtng was done at 
the NASA Lewis Research Center. Percent elongation (with a US-inch 
(2.92-cm) gage), yield strength (0.21 offset) and ultimate tensl1e 
strength were determined. 
0-2 FatlQUI Crack prooagation (FCP) Rate Test 
Compact tension (CT) speCimens, as shown in Figure 18, 
were used for the FCP rate test. These samples were sectioned and 
subsequently machined from heat treated HIP ingots. The specimen 
locations in each ingot are illustrated in Figure 16. Due to the size of 
the ingot, the dimensions of the CT specimens were modified as shown 
In Figure 19. 
All of the FCP rate testing and evaluation were also done at the 
NASA Lewis Research Center, because of the superior testing 
equipment avai lab Ie. CT specimens were precracked at room 
temperature according to guidelines set forth in ASTM E641-18T and 
subsequently tested at 6S0·C (1200·F) in air under load control using a 
0.33 Hz triangular waveform and an R ratio (minimum load/maximum 
load) of 0.05. 
In addition to the specimens of ingot material, specimens from 
PIN IN-JOO superal10y were also machined and tested. The P/M data 
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were provtded by NASA Lewis Research Center, and were prepared by 
the Gatortztng process, in which powder is hot compacted, extruded and 
then Isothermally forged at a low strain rate where material behavior 
Is superplasttc (3). 
E. Structural Evaluation 
E -1 ~heat tog Experiment 
To clearly distinguish between the primary solid phase that 
had been present during rheocast ing and the I iquid phase sur"'ounding 
the primary soUd phase, a set of reheating experiments was carried 
out. The reheaUng experiments were performed in a high-temperature 
tube furnace; a quartz tube of 2- (5.08 cm) diameter (I.DJ and 36-
(91.44 cm) 10f'lQ was used. To prevent oxidation, the experiments were 
II 
carried out tn an argon envircmment. A Pt-Pt 101 Rh thermocouple was 
placed into the tube such that the thermocouple-tip was adjacent to the 
sample. The sample was heated to the temperature at which it had 
been rheocast, T fs (see Ftgure 11). and then isothermally held for a 
period of 5 minutes. Subsequently, the sample was quickly removed and 
water quenched_ For the purpose of comparison, samples obtained from 
nonstirred ingots were also included in the study. An isothermal 
temperature corresponding to a volume fraction solid of 351 and 
periods of 5 and 20 minutes were used for the nonstirred specimens in 
the reheating cycles. 
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E-2 5trucb,.., Characterlzatton 
The s\rfaces of the nonsttrred (N\ -6), rheocast and 
VADER ingots were grCUld and then macroetched In a solution of Hel, 
Hi' and ¥2 In a ratto of 5:5:2. respectively. Ptct",es of macro-
struct\r" were taken by a shnple Ught mtcroscope. For 
microstruct\re studte!;, several samples 'Nere secttoned from different 
locations 0·( each nonstirred, rheocast and VADER ingot. In addition, 
one sample was sectioned from each HIP and HIP plus heat treated 
ingot These samples were then mounted and hand poHsbed through 600 
grit abrasive paper, followed by a ftnal poHshing using 6-~m and I-~m 
diamond pastes. Glycergta etch (10 ml glycerin, IS ml Hel and 5 ml H20) 
was used as an etchant. Optical and scamtng electron micrographs 
were obtained at different magnifications. The K ratio profUes of 
segregation were studied through X-ray analysis using wavelength 
dispersive spectroscopy (WOS). The K ratio is an intensity ratiO and Is 
defined as fol1ows: 
intenSity of sample primary emission 
intenSity of pure element standard primary emission 
This calculated K ratio is roughly proportional to the actual compositton of 
the solute in the alloy and is used here (or relative comparison. Two solutes, 
TI and Cr, were selected for this segre9",~Uon study. 
The fracture surfaces of CT specimens were e)(amined with a seaMing 
35 
t 
I 
~ .. 
I 
1 ( 
• 
! 
,-,-.,-.. ~-..,--.-~l:A.Tl 
. .,' 
electron microscope (SEM). The fractographs of CT specimens were taken 
along the center line of the specimen. Optical micrographs were also used to 
characterize fracture morphology. Sections perpendicular to the dtrection of 
crack propagation were cut from the CT speCimens, mounted, polished and 
subsequently etched in a Glycergia agent. 
E - J MtcrQhardoess 
The mtcrohardness values for Hghtly etched samples were obtained 
using a LECO M-400 microhardness tester. Mlcrohardness values were taken 
at the ~enter and near the boundaries of the grains for each IN-IOO specimen 
that was sectioned from Ingots before and after postsoltdiftcation thermal 
treatment. 
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IV. RESULTS AND OBSERVATIONS 
This section is divided into three major subsections: processing 
(A); HIP and thermal treatments (8); and mechanical properties (C). 
Microstructural analysis results of the differently processed (VADER 
and rheocast) IN-lOO alloy are presented In Section A Specifically, in 
section A-I the results from the nonstlrred casting are given; section 
A-2 addresses the rheocast structures processed; and the 
microstructural analysts of the VADER processed IN-100 is given in 
section A-3. 
A processing of VADER and Aheocast IN-IOO AIIQy 
A-I NuoStirred Casting (Table" - Byn -6) 
The longitudinal macrostructure of the nonstirred Ingot is 
shown tn Figure 20(a). Essentially the VIM as-received charge was 
remelted tn the rheocasting ·apparatus without stirring. The 
macrostructure of the top region of the ingot consists of columnar 
grains; the bottom region, fine-equiaxed grains; and the center region, 
coarse-equlaxed grains and large shrinkage cavities. Many 
interconnected r.racks are present around the whole ingot. 
Micrographs in Figure 20(b) represent the structures from the 
locations indicated by arrows in Figure 20(a) of the nonstirred ingot. 
The grains are clearly dendritic, with sizes ranging from approximately 
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1500 .... m in region A to approximately 200 .... m in region C. The 
dendr'ttc arm spacing t~ .... 120 .... m tn regton C and ts ... 200 .... m tn region 
A. The votds are loc~ta(j randomly along the tnterdendrtttc regions and 
grain boundaries; in addU ion, they are irregular tn shape and size. The 
amount of these porE:s is maximum tn region C and mtntmtm tn regton A. 
The phases found in the IN-lOa ingot conSist of primary or 
eutectic y-y' islands and MC carbides, which are all surrounded by 
secondary preCipitated y' tn the matrtx of y. The size, distribution and 
morphology of these phases in the nonstirred ingot are shown in Figure 
21. The y-y' eutectic islands, located at the interdendrttic areas and 
grain boundaries, represent the final soUdified regions. These islands 
vary in size and shape and are nonuntformly dtstributed in the 
nonstirred ingot. Most of the carbide particles are scriptHke, and only 
a few of these particles were observed to be blocky. The voids are 
always accompanied by the y-y' eutectic islands or carbide particles, 
Figure 21 (b). 
Representative SEM micrographs of secondary preCipitated y' 
inside the dendr-ite arms and near the boundaries are shown in Figures 
22(a) and 22(b), respectively. The y' particles located inside the 
dendrite arms exhibit both the cuboid and facet dendritic shape, with a 
particle size of approximately 0.2-0.7 .... m, Figure 21(a). However, the 
y' particles located near the boundaries are irregular in shape, with 
particle size ranging from I .... m to 3 .... m (coarser than the particles 
located within the dendrite arms). The volume ftaction of y' is 
approximately 60fC throughout the sample. 
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The segregation ratto, In general, is defined as Cmax/Cmin, 
where Cmax is the highest solute content and Cmin is the lowest solute 
content in a dendrite or grain. However, due to the complexity of the 
grain boundary phase, the actual segregation ratio in a dendrite or grain 
is difficult to obtain. Therefore, the cornpositton ratio,S· Cmid/Co, 
where Cmid is the solute content at the midpoint between the center 
and boundary of a dendrite or grain and Co is the solute content at the 
center of a dendrite or grain, was selected as the segregation ratio for 
the purposes of comparison. Table III tllustrates the segregatton ratio 
of Cr and TI In the nonstlrred Ingot. Among 20 arbitrarily chosen 
dendrite arms, the evaluated segregation ratios show scatter for both 
Cr and Ti. The mean and standard deviation of TI and Cr segregation 
rat10s In the nonstlrred Ingot are 1.31 ± 0.09 and 1.07 ± 0.02, 
respectively (Table IV). Figure 23 shows a representative K ratio 
proftle of segregatIon In the dendrIte arms of the nonstlrred Ingot. 
A-2 Rheocastlng 
The structures of the various rheocast Ingots of IN-IOO are 
shown In FIgures 24 through 31. These structures were obtaIned by 
cool1ng the IN-100 superal1oy, wh11e vigorously stirring the melt or 
slurry, from its 1tQuldus temperature down to a selected temperature 
correspondIng to a given fraction of so11d (Figure 11). The rheocast 
structures shown In Figures 24 to 31 clearly show that the resultant 
microstructure Is nondendrltlc. 
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The effect of stirring speed on the rheocast macro and micro-
structure is seen in Figures 24 through 27. In these runs, the stirring 
speed was kept flxed at 325 rpm (Figure 24), 450 rpm (Figure 26) or 
560 rpm (Figure 27). In all these cases, the sttrring time and the 
volume fractton sol1d present at the tsothermal hold time were kept 
fixed at 15 minutes and 35" volume fracticn soUd, respectively. 
For an tngot of low stirring speed (j.e., 325 rpm), the 
macrostructure shows a nonunlform distribution of gratn size and 
morphology, Figure 24(a). The coarse grains are accumulated in a ·V· 
shape near the center, whlle the fine grains are distributed close to the 
edge and bottom of the ingot. Many intergranular pores are observed tn 
this low stirring speed sample. As the stirring speed increases from 
325 rpm to 450 rpm, the uniformity of grain size and morphology 
increases (cr. Figures 24(a) and 26(a». Few large grains are present at 
the center of tht~ tngot, as shown 1n Figure 26(a). Figure 27(a) shows 
the macrostructure of the rheocast ingot with a high stirring speed of 
560 rpm. It 1s clear that large grains are not observed in this high 
stirring speed sample. Therefore, the distribution of particle size and 
morphology are more uniform in the ingot stirred at 560 rpm than 1n 
the ingots stirred at speeds of 325 rpm and 450 rpm (cf. Figures 24(a), 
26(a) and 27(a». Moreover, there is a smaller quantity of intergranular 
pores in the samples stirred at 450 rpm and 560 rpm than in those 
stirred at 325 rpm - see Figures 26(a), 27(a) and 24(a), In all the 
macrostructures shown 1n Figures 24(a), 26(a) and 27(a), no large 
shrinkag,~ cavities were observed. 
The microstructures corresponding to the three marked locations 
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A, B and C tn Ftgure 24(a) are shown tn Ftgtre 24(b). The gratn stzes 
vary from appro)(imately 1000 "m at location A to 120 "m at location C. 
In the absence of sttrring, the material shows a conventlonal dendrittc 
structure as shown tn Figure 20(b). However, at the low sttrrtng speed 
of 325 rpm, most of the dendritic structure has been replaced by 
rosetteUke and spherical parttcles. The three different morphologies 
of the grain structlre can be seen in Figure 25; that is, all three 
morphologies coe)(ist - spherical, rosetteHke and dendrittc. It will be 
seen subsequent ly that as the st irring speed is increased, the dominant 
particulate morphology wt11 be spherical. Since section C (sil!e Figure 
24(b» was rtrst to soltdify, there are more interparticle cracks in 
sections A and B (Fig\re 24(b», which sol1dtfted later. 
At the higher rotation speeds of 450 rpm or 560 rpm, one can 
note that the transition from dendrit1c to spherical parUcles is more 
prevalent (see Figures 26(1~) and 27(b». Dendritic particles are not 
seen in the samples stirred at 450 and 560 rpm. However, in the 
sample stirred at the intermediate speed of 450 rpm (Figure 26(b», 
both rosetteHke and spherical particles can be seen tn all three 
locations of the ingot. In contrast, the sample stirred at 560 rpm 
e)(hibits predominantly spherical particles, on the order of 120 J.lm (see 
Figure 27(b». As the stirring speed increases, the observed grain size 
and interparticle voids decrease; in addition, one notes a mor~ 
homogeneous distribution of grains. 
At constant volume fraction sol1d (351) and constant isothermal 
sUrring time (15 minutes), the quantity of V-yO eutectic islands and 
carbide particles along the grain boundaries is not affected by the 
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stirring speed. However, the homogeneity of the y-y' island distribu-
tion and their size is affected: at 560 rpm one observes a more 
homogeneous distribution of y-y' eutectic islands and smaller size 
islands than at 325 rpm. 
The effect of stirring speed on the segregation ratio is 
illustrated by comparing the segregation ratio in the ingot that was 
obtained at the highest stirring speed of 560 rpm (Table V), to that in 
the ingot that was obtained at the lowest st irring speed of 325 rpm 
(Table IV). It has to be mentioned that grain boundaries selected for 
this study of segregation ratio in any of the rheocast ingots were 
restricted to boundaries that were solute segregated. Certain 
segregation-free boundaries observed in rheocast ingots were not 
included in the study, and they wl1l be described later in this section. 
At constant stirr~ng time and volume fraction sol1d, the segregation 
ratio shows no significant difference as the stirring speed increases. 
However, the segregation ratio shows less scatter (te., lower standard 
deviation) for both Ti and Cr at a high stirring speed than at a low 
stirring speed (cf. Tables V to IV). The representative segregation 
profl1es for the lowest and highest stirring speeds are shown in Figure 
28. 
The effect of isothermal stirring time at a constant volume 
fraction solid (35") and a fixed stirring speed (325 rpm) on the 
resultant rheocast structure can be seen by comparing the structures 
shown in Figures 24 and 29. The macrostructure shows that as the 
stirring time is increased from 15 minutes (Figure 24) to 45 minutes 
(Figure 29), coarse particles and shrinkage cavities disappear. In 
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addition, wUh increased stirring time, a more homogeneous parUcle 
size distribution is obtained. 
-
The majority of the grains shown in both micrographs of Figure 
29(b) are spherical. Figure 29(b) shows representative 
microstructures from the various locations marked in Figure 29(a). The 
average grain size IS appro)(imately 160 llm, which is larger than the 
dendrite arm spacing of 120 llm for the nonstirred casting shown 
earlier in Figure 20(b). A comparison of Figure 24(b) to Figur'e 29(b) 
rev~als that both the grain size and the Quantity of the interparticle 
voids decrease as the isothermal stirring time increases. 
Varftng the isothermal stirring time does not affect the amount 
and size of the y-y' eutectic islands and carbide particles. However, 
the distribution of y-y' eutectic islands is more uniform in those 
samples that were isothermal1y stirred for a long time, te., 45 
minutes. 
Table VI shows the segregation ratio in the rheocast ingot that 
was obtained by stirring the slurry at a speed of 325 rpm, volume 
fraction sol1d of 35~ and stirring time of 45 minutes during 
soUdjfication. Comparing the segregation ratio between rheocast 
ingots with stirring time of IS and 45 minutes, Tables IV and VI, it is 
shown that Increasing the stirring time does not significantly change 
the segregation ratiO of both Tt aod Cr; however, the solute content of 
Co Increases as the st Irrlng time increases. The representat Ive 
composition profile for the rheocast ingot with an Isothermal stirring 
time of 45 minutes is shown in Figure 28. 
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The effect on the resultant structure of the isothermal 
treatment at which the sample was held for a given time (1' Is in Figure 
11 ) during rheocasUng 1S substantial. Samples were held tn the mushy 
zone at volllTle fractions soUd of 351, 50" and 65", and the sUrring 
time and the stirring speed were kept constant at IS minutes and 325 
rpm. Figures 24,30 and 31 show the macro- and microstruct\res of 
rheocast ingots at 35", 50" and 65" f s' respectively. The 
macrostructures present in Figures 24(a), 30(a) and 31 (a) show regions 
of large particles surrounded by fine ones. However, the Quantity of 
large particles decreases as the volume fraction solid (during the 
isothermal hold when rheocasting tn the mushy zone) increases. In 
essence, a more uniform particle size distribution is obtained at high 
volume fraction solid. 
Comparing the microstructures shown in Figures 24(b), 30(b) and 
31(b), it can be seen that as the volume fraction solid (present during 
the isothermal hold period) increases, the rosetteHke morpho'ogy of 
the primary phase decreases. In other words, at 651 f s one obs,rves 
spherical particles, whereas at 35" f s one observes a substantial 
quantity of rosetteHke particulates. Furthermora, change in volume 
fraction soUd from 35" f s to 501 f s results in a decrease in grain size. 
However, over the volume fraction solid range, 50" f s to 65" f s' the 
change of the grain size Is not significant. 
Some grains in the ingots that were stirred at both 50" f sand 
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651 f 5 are observed to be joined together as agglomerates, Figures 
30(b) and 31(b). The number of agglomerates in Figure 31(b) is greater 
than that in Figure 30(b). Figure 32 shows the representative optlcal 
micrograph of an agglomerate observed at high magniftcation. This 
agglomerate e)(htbtts four grain boundartes, which are deSignated as 
-1, -2, -3 and -4. The Tt K-ratio proftle across all four boundaries is 
shown in Figure 33. It is noted that gratn boundaries·', -2, -3 and -4 
are all Tt enrtched, Ftgure 33. 
The size and Quantity of the y-y' eutectic islands are influenced 
by the volume fraction sol1d present during the isothermal hold Ume tn 
the mushy zone. A comparison of Figures 24(b), 30(b) and 31 (b) shows 
that the size and Quantlty of the y-y' eutectic islands decreases in the 
order of 35" fs, 50" fs and 65" fs' However, no variation 1s observed 
for the morphology of the carbide particles as the volume fraction soUd 
changes (cf. Figures 24(b), 30(b) and 31 (b». 
The segregation ratio of both Ti and Cr in a rheocast ingot thath 
was obtained by stirring the liquid metal at a speed of 325 rpm, a 
stirring time of 15 minutes and a volume fraction solid of 65~ is 
presented in Table VII. Comparing the segregation ratio in a rheocast 
ingot isothermally stirred at a volume fraction solid of 651 (Table VII) 
to that of a rheocast ingot whlle isothermally stirred at a volume 
fraction solid of 35" (Table IV), it can be noted that at constant 
stirring speed and time, the segregation ratio decreases as the volume 
fraction solid increases. In addltion, both solute contents of Co and 
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Cmid increase with the increasing vohme fraction soUd (cf. Tables IV 
to VII), Representative composition proftles of both Tt and Cr solute 
elements are shown tn Figure 28 for the rheocast ingot Isothermally 
stirred at a volume fraction soUd of 651, 
A represent at ive micr09tructlre of a meocast ingot that was 
stirred isothermally at a speed of 450 rpm, at a volume fraction soUd 
of 351 and for IS minutes dlration is shown In Figure 34. Grains 
within this micrograph were indented by the microhardness tester 
simply to indicate the areas of interest for SEN and WDS analyses. 
Figure 35 shows a representative SEN micrograph of secondary 
preCipitated y' at the centers of the rheocast grains. The morphology 
of y', shown in Figure 35, is mainly mixed cuboid and facet dendriUc 
shapes of particle size approximately 0.2 to 0.7 ",m. 
Fifteen grain boundaries chosen in Figure 34 were examined by 
WDS analysis to determine whether Ti segregation exists near grain 
boundaries, However, because of the complexity of preCipitated phases 
present along gratn boundaries, the actualleve1 of segregation near 
grain boundaries was difficult to obtain. Therefore, a distance of 
I 
approximately 5-10 ",m from the grain boundaries or grain boundary 
phases was used as the point nearest to the boundaries for the WDS 
analysis on the level of Tt segregation. Grains on both sides of 
selected grain boundaries were WDS analyzed. The results of these 
studies are indicated in Figure 34, where boundaries with no Ti 
enrichment are marked -NE- and boundaries with Ti enrichment are 
marked -E-, One can note that 7 out of the 15 boundaries are not Tl 
46 
--. . ~ , 
...... « 
I 
J 
I 
• I 
-_, ._.....,.yJ 
. 1 il~~ .. ~ ..... ~~_ ,_,_<.,_:tI 
segregated. 't must be emphastzed here that these nonsegregated 
boundaries were not involved in the previous study of the segregation 
ratio. 
SEM micrographs of the secondary preCipitated y' along three 
dtfferent gratn boundaries, which were marked as l, M and H In Figure 
34, are shown in FI9\" 36. Grain bcmdary l, present In Figure 36(3), 
Is not a Ti-enrlched bolrldary, where as both gratn boundaries of M and 
H, shown tn Ftgures 36(b) and 36(c), respectively, are fj-enriched 
boundaries. The y' particles preCipitated near the boundary that Is not 
TI-enrlched (Figure 36(a», exhibit coarser parUcle size than those 
preCipitated at the center of the grain (Figure 35); however, the 
observed y' particle shape in Figure 36(a) is simi lar to that in Figure 
35. When the y' particles preCipitated near the fj-enriched boundaries 
where V-yO eutecttc islands, carbides or gratn boundaries y' exist, the 
particle shape becomes irregular; In addition, the parttcles are much 
coarser than any of the y' particles precipitated at the center of grain 
and near the boundary where Ti is not segregated (cr. Figures 36(b), 
36(c), 34 and 36(a». SimHar behaviors with respect to the size and 
morphology of secondary precipitated y' are observed for all the other 
meocast Ingots. 
The representative nominal composition of the rheocast IN-IOO 
Ingot is shown in Table VIII. It Is noted that the content of each 
al10ying element within the rheocast ingot is similar to that within the 
as-received ingot (cf. Tables I and VIII). This is clear evidence that the 
meocast ingot Is not contaminated by the alumina paddle or crucible. 
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In summary, the effects of sUrrlng speed, tsothermal stirring 
Hme and volume fraction soltd on the resultant macro- and micro-
structural features are Hsted in Tables IX, X and XI, respectively. 
A-3 YICWD Arc Double Electrode Remelting (YADER) 
Figtre 37 is a representative macrostructure of a 6- dIameter 
VADER IN-iOO ingot. The macrostructure is characterized by a uniform 
distribution of fine and equia)(ed g.'ains. Neither center cavittes nor 
tntergranular cracks are present tn the V ACER ingot. 
The microstructu:-e of VADER samples lacks identifiable spines 
and can be categorized as consisting of a group of equia)(ed 
nondendritic grains, Figure 38. A gratn size of appro)(imately 100 ~m 
in VADER structures is less than the dendritic arm spacing found tn the 
nonstirred structures, which were shown in Figure 18. 
The size and distrtbutton of the phases that are present in the 
VADER IN-IOO ingot are also flhown tn Ftgure 38. The V-V' eutectic 
islandS are uniformly distributed and vary tn size and shape. Most of 
carbide particles found in the VADER structure are scrtptltke and only a 
few were found to be blocky. The SEM micrographs of secondary 
precipitated V', which are surrounded by a V matri>< at the center and 
adjacent to the boundary of a VADER grain, are illustrated tn Figures 
39(a) and 39(b), respectively. Secondary V' particles at the center of 
the grain contain both cuboid and dendritiC shapes, with sizes ranging 
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from less than 0.2 ~m to 0.7 ~m, FtgtSe 39(a). In contrast, the 
secondary y' p.-ticles become I.-ge and Irregular tn shape at locattons 
adjacent to the grain bNldary, Ftgtre 39(b). 
The representative solute prof ties and segregation ratios tn the 
VADER tngot .-e shown tn Ftgure 40 and Table XII, respectively. The 
trend of solute profiles and segregation ratiOS In the VADER ingot is 
slmtlar to those in the nonsUrred ingot (ct. Ftgure 40 and Table XII to 
Figure 22 and Table III). A typical SEM micrograph of the gratn 
boundary phases, Including y-y' eutectic islands, Me carbIdes, and 
voIds, which are surrounded by the secondary preCipitated y' tn a 
matrIx of y, Is Illustrated In Ftgure 41(a). This combtnation of phases 
Is frequently observed In all the nonsttrred, meocast and VADER 
microstructures. Figure 41(b) shows a typical V-V· network tn the V-V· 
eutectic Island. 
B. Structural Response to post Soljdtfjcation Thermal Treatments 
B-1 Hot Isostatic Pressing (HIP> 
The representative optical micrographs of hot IsostaticaJ1y 
pressed rheocast and VADER microstructures are shown In Figures 42 
to 44. The structure shown In Figure 42 was obtained by HI P an Ingot 
that was solidified during sttrrlng of the Hquld metal at a speed of J2S 
rpm, at a volume fractton solid of 351 and for a IS-minute duration. 
The HIP structures present in both Figures 43(a) and 43(b) were 
obtained from an ingot that was sttrred at the same volume fraction 
solid, for the same stirring time as that to Figure 42, but with a high 
sUrring speed of 560 rpm. The number of graIns does not significantly 
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change after HIP (compare FigJl'e 42 and 24(b); 43(a) with 27(b». 
Further, the size and Quant Ity of the V-V' eutectic Islands are smaller; 
that is, HIP results in an ingot that is more homogeneous than as-cast 
mgots. The quanttty of intergranular voids is reduced by HIP (compare 
figures 42 and 24(b); 43 with 27(b»; however, a few voids are observed 
in HIP ingots as shown in Figure 43(b). 5imtJar observations are noted 
for all the rheocast and non-stirred ingots before arId after HIP. 
Figure 44 shows the representative microstructures of the VADER 
ingot after HIP. The grain stze range observed varied between 200 ~m 
and 2000 J,1m, which is ITIUCtl coarser than the grain size observed prior 
to HIP, Figure 36. The y-y' eutectic Islands are barely observed tn this 
HI P VADER structure. 
B-2 Heat Treatment 
The heat treatment cycle for IN-IOO superalloy trlcludes a solution 
treatment followed by a three-stage aging treatment. Before heat 
treatingl all the ingots are subjected to HIP using the same thermal 
cycle, The mlcr'ographs of the nonstlrred, rheocast and VADER Ingots 
after HIP and heat treatment are shown In Figures 45, 46-49 and 50, 
respect Ive Iy. 
The grains In the nonstkred material after HIP and heat treatment 
exhibit a size range similar to that observed before HIP (cf. Figures 45 
and 20(b». The Site and amount of the y-y' eutectic Islands decrease 
after postsol Idlftcatlon thermal treatment. 
Figure 46 represents the heat treated microstructure of the 
rheocast sample that was stirred for 15 minutes at a speed of 325 rpm 
50 
, 
f 
... 
.' 
. 
t > 
I 
t 
~ l 
j 
, . 
Ii 
J , 
, 
and at a volume fraction soUd of 35"; Figure 47 corresponds to the 
highest stirring speed of 560 rpm and the same volume fraction solid 
and stirring time as in Figure 46; Figure 48 corresponds to the highest 
isothermal sUrrlng time of 45 minutes and the same speed and vohme 
fraction soUd as in Figure 46; and F19\1'e 49 corresponds to the highest 
volume fraction solid of 65" and the same stirring speed and time as in 
Figure 46. The grains have coarsened and have become spherical in 
shape after thermal treatment (compare Ftgures 46 and 24(0); 47 and 
27(b); 48 and 29(b); 49 and 31(b». Each of the three microstructures 
shown tn Figures 47,48 and 49 exhibits a smal1er grain size and a more 
uniform distribution of V-V· eutectic islands than the microstruct\l"e 
shown in Flg\re 46. However, the structure of the sample that had been 
rheocast at the highest stirring speed (shown in Figure 47) has the 
ftnest grain size. 
The microstructure of the VADER ingot after heiJt treatment is 
shown in Figure 50, where large but fairly homogeneous grains can be 
seen. A comparison of the grain size of the heat treated 
microstructures shown tn Figures 45 to 50 reveals th~t the rheocast 
material contains the smallest grain size; however, the VADER 
material has the most homogeneous structure. The size of the V-yO 
eutectic islands tn the heat treated, nonsttrred material is not 
significantly different from those in the heat treated, rheocast 
material (cf. Figures 45 and 46-49). A representative SEM micrograph 
of the secondary preCipitated y. particles at the grain center after HIP 
and heat treatment is shown in Figure 51. These y. particles exhibit 
cuboidal shape with particle size varying from <0.1 "m to 0.5 l.lm. 
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These y' particles have a nondendritic morphology (see Figure 51). 
Similar morphology of the secondary precipitated y' particles are seen 
at the center of the grains for all the heat treated nonstirred, rheocast 
and "ADER ingots. A comparison of the y' particles' morphology at the 
center of the heat-treated grains (shown in Figure 51) wlth those 
particles of the as-cast grains (shown in Figures 22(a), 35 and 39) 
reveals that the particle s~ze decreases sl1ghtly and the particle shape 
becomes regular after heat treatment. figure 52(a) shows a 
representative SEM micrograph of the secondary precipitated y' 
particles adjacent to a y-y' eutectic island as weH as carbide 
particles along the boundaries of the heat treated gra~ns. The size of 
the y' particles increases and the particle size becomes irregular when 
the y' particles preCipitate near the boundary rather than at the center 
of the grain (cf. Figures 51 and 52(a». A denuded zon~, te., a 
preCipitate-free zone, surrounding the grain boundary y-y' eutectic 
islands is clearly obs~rved in Figure 52(a). Stm'i1ar observations for 
the morphology of the grain boundary phases are observed in all the 
non-stirred and rheocast ingots. For the heat treated VADER material, 
the y-y' eutectic ~slands disappear, and are replaced by coarse y' 
particles, which are distributed along the gr .:lin boundary, Figure 52(b). 
These coarse y' particles also are surrounded by a preCipitate-free 
zone, 1.e., a denuded zone. 
The nominal compositions of the heat treated IN-100 samples that 
were processed by rheocasting and VADER are listed in Table XIII. A 
comparison of these compositions for the heat treated conditions 
(Table XIII) to those of as-cast conditions (Table VIII) confirms that 
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the amOtllt of the alloying element did not change after HIP and heat 
treatment. 
C. Mechanical prooerties 
C -I Mlcroh§rdoeSS 
Hardness at the centers and near the boundaries of the grains 
or dendrite arms was evaluated in both the as-cast and heat treated 
materials. The results are summarized In Tables '(IV and XV. Ranges of 
hardness, evaluated from 25 arbitrari Iy selected grains, at either gratn 
centers or near gratn boundaries, are gtven for each condition. 
In each grain or dendrite arm, without exception, the center 
exhibits a lower hardness than the areas adjacent to the grain 
boundary. For the as-cast condition, the mean hardness at the center or 
near the boundary of the VADER grain is similar to that of the dendrite 
arm in the nonstirred cases. Table XIV also shows the effect of the 
stirring speed, volume fraction solid and stirring time on the mean 
hardness value at the grain center or adjacent to the grain boundaries. 
No significant difference in the mean hardness is observed for either a 
changing stirring speed or isothermal stirring time. However, the mean 
hardness increases at the grain center as the volume fraction solid 
during stirring increases (Table XIV). 
For the heat-treated condition, the mean hardness at the grain 
center and adjacent to the grain boundary is similar for nonstirred and 
rheocast materials (Table XV). In contrast, the VADER casting shows 
higher mean hardness values at the grain center and lower mean 
hardness values near the graIn boundary in comparison to al1 of the 
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nonstirred and rheocast cases (Table XIV). 
C -2 IensiJe ProperUes 
Heat treated specimens which were obtained from nonstirred, 
rheocast and VADER ingots were tensi Ie tested at 650·C ( 1200·F) in 
air. The values for each tensile property-te., yield strength, ultimate 
tensile strength and ductility-were calculated as the average of 2 
specimens from each of the ingots. These resultant average tensi Ie 
properties are listed in Table XVI. Because the rheocast structure is 
reproducible from batch to batch under the same processing condlttons 
(i.e., same stirring speed. same volume fraction solid and same stirring 
time), the corresponding tensile properties are believed to be 
consistent. with the rheocast structure. For purposes of comparison, 
tensile properties from commercially cast samples were included in 
the evaluation. The effects of stirring speed, isothermal stirring time 
and the volume fraction solid on the tensile properties of rheocast 
materials are shown in Figures 53, 54 and 55, r'espectively, while the 
comparison of the tensile properties between various processing 
techniques is shown in Figure 56. At constant stirring time and volume 
fraction solid, the yield strength and ultimate tenstle strength 
increases as the stirring speed increases, Figure 53. However, the 
amount by which the strength increases 1S more pronounced as the 
st1rring speed increases from 325 rpm to 450 rpm than when it 1S 
increased from 450 rpm to 560 rpm. The ductility does not change for 
the various sttrr1ng speeds used dur1ng rheocasUng. In Figure 54, it IS 
seen that the ingot with a long stirring time exhibits a higher yield 
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strength and ultimate tensHe strength than the ingot with a short 
stirring time for identical stirring speed and volume fraction soltd 
values. No vartatton in ducUHty values is observed as a result of 
varytng the isothermal stirring time cUing rheocasting. 
At constant stirring speed and stirring time, the yield strength 
and ultimate tensile strength increases significantly as the volume 
fraction sol1d increases from 35'" to S0"'; however, the level of 
strength does not vary as volume fraction sol1d increases from S0'" to 
651 (Figure 55). Furthermore, the ductUity remains constant as the 
volume fraction soHd present during rheocasting changes. 
The tensile properties as a function of processing technique are 
shown in Figure 56. Both the highest and lowest levels of tensile 
properties, selected from all the data for the rheocast materials, are 
used here for comparison. The commercially cast, nonstirred and 
VADER specimens have a similar level of yield strength; however, these 
levels of· yield strength are lower than the yield strength of the 
rheocast specimens seen in Figure 56. The uUtmate tensile strength of 
the commercially cast specimen is slightly higher than that of both the 
rheocast and VADER specimens. The nonstirred specimen exhibits a 
much lower ultimate tensne strength than the specimens made from 
any of the other processing methods. In Figure 56, it is clear that the 
commercially cast specimen shows the highest ductility, followed by 
the VADER, rheocast, and nonstirred samples. 
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C-3 Fatigue Crack Propagation (FCP> Rate 
C-3-1 daldn versus £\K 
FCP rates (da/dn) were determined at 650·C ( 1200·F) in air 
as a function of the stress intensity range (£\K) for each of the 
processing methods evaluated. A P/M processed IN-IOO specimen was 
also evaluated for purposes of comparison. The daldn versus AK data 
are summarized in Figures 57 to 61. E)(cellent reproducibility was 
obtained, as shown in Figures 57, 58 and 59. 
Figure 60 shows the comparison of crack propagation rates 
between the specimens obtained from the heat treated rheocast ingot 
with the highest stirring speed and the specimens obtained from the 
heat treated rheocast ingot with thEt highest volume fraction sol1d. No 
variation in FCP rates between these two rheocasting cases are 
observed. 
The effect of the processing mode-i.e., P/M, rheocasting and 
VADER on the FCP rate is shown in Figure 61~ Itis noted that at AK ( 50 
, 
ksi ..ftnches the FCP rate is greater for the P/M material than for the 
rheocast and VADER materials, Figure 61. The resistance to crack 
propagation in rheocast material is similar to that in the VADER 
material evaluated. 
C-3-2 Fracture Morphology 
The macroscopic fracture appearance of the CT specimens is 
shown in Figure 62 for the P/M, meocast and VADER materials. The 
rheocast sample used here was obtained from the ingot that was 
stirred at the highest volume fraction solid. For each processing mode, 
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the fatigue crack propagates normal to the stress axis. At low 
magnification, the fracture surface morphology of all specimens can be 
divided tnto three regions, which correspond to room temperature 
precracking, \Stable crack growth at 650·C (1200·F) and final fast 
fracture. The three regions are clearly seen in Figure 6J for each of 
the specimens. The fracture surface is flatter tn the P/M material than 
in the VADER and rheocast materials. 
The optical and SEM micrographs of the stable crack growth for 
the P/M, VADER and rheocast materials are shown in Figures 64 through 
69. The P/M specimen, for which the grain size 1s approximately 5 ~m, 
exhibits an intergranular fracture mode. In contrast, the rheocast and 
V ADER specimens which possessed coarse grain sizes, show a mixed 
mode and a transgranular fracture mode, respectively, as seen in 
Figures 66, 67, 68 and 69. Figure 70 shows the optical micrograph of 
the fracture in the fine gratns of the rheocast sample. The crack has 
clearly propagated through areas near the grain boundary but not 
through the denuded zone. A similar fracture morphology for the 
rheocast material is observed in the specimens that were obtained 
from material processed using the highest stirring speed. 
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V. DISCUSSION 
A processing of Rbeocast and VAIlER IN-lao Alloy 
A-1 Nonstjrred Castjng 
The IN-IOO charge was simply induction.melted to a tempera-
ture of maximum 30·C (86-F) superheat and subsequently furnace 
cooled in the same alumina crucible ooder vacuum. There was no 
agitation within the mushy zone during solidification. However, the 
superheat was not kept uniform throughout the bulk of the liquid melt; 
for example, heat loss from the bottom of the apparatus would give 
rise to a lower superheat of the liquid metal near the bottom than at 
the center, Figure 9. During cooltng when the power of the unit was 
turned off, the solid particles started to nucleate from the top and 
bottom surfaces of the melt, due to radiative heat loss and conduction 
tttr'ough the cruCible, respectively. Solid parttcles formed early during 
soHdification have a lower solute content and a higher density than the 
surrounding liquid; therefore, they wUI tend to sink due to gravity. The 
number of soltd particles at the bottom of the liquid melt then 
increases, resulting in a fine equiaxed dendritic structure. In contrast, 
only a few solid particles surviving at the top section of the melt take 
part in the formation of the columnar structure where the grain growth 
direction ~s parallel to the heat transfer direction. Regions between 
the top section of the columnar structure and the bottom section of the 
fine equiaxed structure exhibit a coarse equiaxed dendritic structure, 
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Figure 20(a). 
The IN-IOO nickel-base super!HI)}, has a high amount of multiple 
solute content (totally'" 44 wtl) and thus has a wide freezing range. 
The dendrites that form d\rlr'g the early stages of solidification In the 
bottom portion of the casting are freely floating, and both liquid and 
soUd can flow to compensate for soHdUication shrinkage. In other 
words, mass feeding is taking place (60). As soHdlftcaton proceeds, 
the dendrites are no longer free to move and tend to form a rigid 
network. It is difficult for the surrounding liquid to feed the 
solidification shrinkage, and thus mlcropores result in the region of the 
equiaxed dendrites. The level of macro- and microporosity is obviously 
higher in the locations near the center of the ingot or the 
last -to-freeze region. 
Due to nonequtlibrium solidification, the resultant nonstirred 
structure exhibits microsegregation, Figure 23 and Table III. Solutes 
such as Cr and Tt lower t.he melting point of the. alloy and therefore 
segregate to the interdendrlte regions. However, the semiquantitative 
measurement of the degree of segregation is difficult to obtain in the 
cast structure of IN-l 00. For example, the composition ratio (see Table 
III) for n varies widely, from 1.10 to 1.42; this variation was carried 
out at 20 arbitrarily chosen dendrite arms of the nonstirred castings. 
This variation of the composition ratio is attributed to the variatton in 
the sectioning plane. In order to accurately determine the segregation 
ratio between primaries, the sectioning must be done normal to the 
growth direction; to observe segregation between secondaries, a plane 
parallel to the growth direction must be examined (36). For the 
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eQuiaxed dendritic structure, the growing orientations of dendrlt ic 
grains are random tn al1 three dimensions. Theref,we, it is difficult to 
judge from a two-d1mensional structure whether the chosen dendrlte 
arm is observed in the proper plane. 
Segregation at grain boundaries also produces many sltes for 
complex precipitation phenomena; this segregation depends on the 
soltd-Hqutd interface morphology and on the macrostructure (whether 
columnar or eQutaxed) (36). Since grooves where the gratn boundartes 
intersect as soHd-HQutd interface are deeper than interdendrtttc 
grooves, more lateral solute flow takes place at these areas, leading to 
segregates even more complex than found interdendriUcal1y. The size 
of the y-y' eutectic islands is therefore much larger in the grain 
boundaries than in the interdendrttic regions (cf. Figure 21(a) and 
21<b». 
A-2 Bheocastjng 
Previous work on structure characterization of rheocasttng 
structures tlas been on structures that werE' obtained by stirring in the 
mushy zone and subsequently water quenching the casting. None of the 
rheocast structures that have been examined were furnace cooled 
subsequent to stirring. Laxmanan (57) has successfully rheocast both 
Udtmet-700 and IN-IOO alloys in an argon atmosphere. Subsequently, 
Oblak et a1. ( 105) characterized the thermal processing response of 
rheocast alloys. However, the sample examined was that of LaXm&flan, 
and unfortunately, Laxmanan did not process the melt in a vacuum, 
which contaminated the product. 
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The introduction of mechanical stirring during soltdlftcation 
changes the dendritic morphology, as observed in the nonstirred 
structure (Figulre 20), to a rosetteltke or spherical morphology. This 
gives rise to improvea grain refinement, soundness and homogeneity of 
the final cast sltructure. However, the degree of structural 
improvement vlries with stirring speed, isothermdl stlrrlng time and 
the volume fraction soUd present during rheocasting. ;II\;,-~asing the 
stirring speed, isothermal stirring time or volume fraction solid 
increases grain sphericity and reduces grain size, porosity and 
segregation - see Tables IX, X and XI. 
The primary soUd particles that existed in the bulk when the alloy 
was partially soUd coarsened and changed morphology during the 
subsequent soltdification stage in the furnace. Therefore, in order to 
del1neate the size and morphology of these primary solid particles, 
samples sectioned from the rheocast ingot were reheated to the 
temperature corresponding to the fraction of s01id at which the ingot 
was stirred, were held for 5 minutes and then were immediately water 
quenched. In this manner, the imposed high solidification rate clearly 
distinguishes between the primary solid phase and the liquid phase, 
which now possesses a finer dendrite arm spacing. The resultant 
microstructure is termed a -auplex structure- (57). 
A-2-1 Observation of Primary Solid Partjcles 
Duplex structures of reheated specimens from nonstirred and 
rheocast ingots are shown in Figures 71-76. It can be noted that the 
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primary soUd particles contain small pockets of entrapped UQU!d, 
which appear as blar.k dots. Laxma~~W\ (57) suggests that these pockets 
may be formed by spheroidizatton of interparticle vetns, which are 
actually regions of entrapped liquid, during the reheating cycle. 
However, there is no experimental evidence supporting the hypothesis. 
F tgure 71 t Ilustrates the duplex structure of the reheated 
nonstirred sample. In the absence of sttrring, the observed primary 
soltd particles are typical of those found in conventional dendritic 
structures. However, the dendritic particles shown in Figure 71 rnay 
exhibit different morphologies than the actual primary solid particles 
that were obtained during solidification of the nonstirred castings. 
This difference is due to the substantial coarsening and homogenization 
that takes place during processing - i.e., during 
(1) slow furnace cooltng of the nonstirred casting (56) 
(it) reheating of the sample from room temperature to a specif~c 
temperature in the mushy zone (30) 
(iit) isothermal holding at a specific temperature tn the mushy 
zone 
Figure 72 shows the duplex structure of a reheated nonstirred 
IN-IOO sample that was held in the furnace for 20 minutes instead of 5 
minutes. Tho size and spheroidicity of the primary soHd particles 
increases as the isothermal holding time increases (cf. 71 and 12). 
There is clear evidence of coarsening during condition (tit) described 
above. Therefore, it is suggested that tn order to characterize the 
morphology of primary solid particles, the isothermal holding time 
should be as short as possible; however, a minimum holding time has to 
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be maintained to enU'e meltlng of the Uquid phase surrounding the 
dendrites or the soUd particles. 
The effect of sUrring speed at constant sUrring Ume (15 minutes) 
and constant vol""e fraction soUd (3SI) on the prtmary lOUd particles 
is seen tn Ftgw'es 73 (32S rpm) and 74 (560 rpm). In Figtl'e 73, the 
prtmary soUd particles e)(htbtt combtnattons of dendrtlic, rosetteHke 
and spnerical morphologies; whtle in Figure 74 only spherical-shape 
primary soUd particles are observed. Therefore, tt Is Quite clear that 
the higher the stirring speed, the ftner and more spherical the primary 
so1td particles (cf. Flg\1'es 73 and 74). 
Vogel et at (65) observed in-Situ quenched structlFes after 
stlrring and have sliJwn that In AI-201 Cu alloy, the small primary 
soUd partlcles seen as a result of high stirring speeds are fully 
suspended in the Hqutd. However, this is not observed in the reheated 
rheocast structure of Ftgure 74, where the ftne and spherical primary 
soUd particles are shown not to be uniformly distributed, and only very 
few of them are Isolated. Thts Is because the prtmary soUd partldes 
have been -rearranged- dlFtng the reheating e)(periments. Isothermal 
holding of a reheated rheocast sample at the temperature corresponding 
to U,at of 651 vohme fraction Uqutd results In sample shape changes 
caused by llquid flow and subsequent formatton of clusters due to the 
primary solid particle movement. However, the tendency of the primary 
solid particles to rearrange will be less pronounced when the volume 
fraction soHdlncreases. 
In summary, the reheating technique Is an e)(cellent tool for 
delineating between the solid primary particles and the surrounding 
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liquid phase subsequent to processing and soHdiftcation. It is, 
however, more qualitative tool than an accurate quantitative technique 
for estimattng volume fractions, because of the coarsening and 
I homogenizatlorl of the soUd particles during the reheating and 
isothermal holding cycle. 
Fi9'l'es 73 and 75 show the effect of isothermal stirring times of 
15 minutes and 4S minutes on the morphology of the prtmary soltd 
particles at constant stirring rate (325 rpm) and volume fraction solid 
(351). It can be noted that the sphericity and number of the primary 
soltd particles tncreases as the stirrtng time increases. However, 
when the reheated structure resulting from a prolonged stirring action 
(Fig\re 75) is compared with that resulting from a high stirring speed 
at a constant volume fraction solid (Figure 74), it is c'lear that the 
former exhibits coarser primary solid particles than the laUer. The 
evidence indicates that coarsening will be accelerated more by a 
prolonged stirring action than by a high stirring speed. 
The effect of volume fraction soltd at constant stirring speed and 
constant isothermal stirring time on the morphology of the primary 
soltd particles is illustrated in Figures 73 (351 fs) dnd 76 (651 fs). 
The primary solid particles at high volume fraction solid tend to sinter 
together and form agglomerates. As mentioned previously, this 
agglomeration of rounded or spherical primary soltd particles at a high 
volume fractic)O soUd of 651 is unUkl,~ :''1 to take place simply through 
the movement of particles during reheating experiment. Moreover, lots 
of partially wetted particle boundaries are observed in each 
agglomerate in Figure 76, while the particle boundaries shown in 
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Figure! 73 and 74 are completely wetted. It IS clear, then; that some 
of the agglomerates observed in Figure 76 have resulted from the 
influence of sttrr1ng at a high volume fraction soUd. It 1s alsn noted 
that increasing the volume fraction soUd increases the number of 
primary solid particles at a g1Ven constant stirring speed and starring 
time. However, the size of the primary solid particles at high volume 
fraction soUd hs larger than that of the dendrite arm spacing (or 
isolated spherical particles) at a low volume fraction solid (cf. Figures 
71 and 76). Therefore, it is clear that coarsening and dendrite 
fragmentation increases as the volume fraction sol1d increase while 
the slurry ;s tsothermal1y held and stirred in the mushy zone. 
A-2-2 Mechanjsm of particle Morphology Change by Stirring 
During Solidification 
From the observat ion of various reheated structures, it is 
clear that the conventional dendritic morphology of the primary solid 
particles is transformed to one consisting of rooetteHke or spherical 
particles by the introduction of mechanical ~tirring during 
solidific.ation. The mechanism of this dendrite-nondendrite 
transformation has been reviewed by Doherty et al. (63), and the detal1s 
have been summarized and discussed in Section 0-3 of Chapter II. It 
has been conclud~d that the change from a dendritic to the rounded 
globular morphology is due to dendrite bending, fragmentation and 
subsequent coarsening during the vigorous stirring and isothermal 
holding of the slurry. Two alternative mechanisms, grain boundary 
recrystallization, i.e., Vogel-Doherty-Cantor's model, and grain 
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boundary sliding, explain the phenomenon of dendrite fragmentation 
which occurs during rheocasting. 
In the reheating experiments, segregation-free low-angle 
boundaries could not be observed. It has been mentioned in Section 
4-2-) of this chapter that the primary soUd particles coarsen and 
homogenize during the reheating and subsequent isothermal holding 
cycle in the mushy zone, which causes the nonsegregated low-angle 
boundaries to migrate or disappear, making the observation of such 
low-energy boundaries extremely difficult. The b
" 
'st way to determine 
the p!"~sence of low-angle boundaries inside or between primary solid 
parUcles ts by in-sitU water quenching of the Hquid metal whlle 
stirring and isothermally holding in the mushy zone. This in-situ 
quenching process is complicated to set up and operate inside the high-
vacuum induction furnace and was not pursued in this study. 
Lee (52) has shown that low-angle (low-energy) grain boundaries 
were observed inside the rheocast gl'ains of' the in-situ water-
quenched rhe()cast structures of AI-15 wlo Cu alloy obtajned after 
continuously stirrlng the liquid metal from above liquidus temperature 
to the desired temperature in the mushy zone·and then isothermally 
stirring for 3 hours. However, the primary particles will coarsen and 
homogenize during an isothermal 3-hour hold. No explanation has been 
given by Lee (52) as to how these "recrystallization" low-angle 
boundaries respond to the grain coarsening effect. 
Grain coarsening and grain growth occur~, "taneously. and the 
process is accompanied by a decrease in the surface free energy. This 
decrease in free energy comes from the decrease in the total gr'ain 
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boundary area. The migration velocity v of a grain bOilJl'ldary during 
grain growth in pure metal can be exprese<.i ~$S 
and 
V-MA ~ (2) 
M • bv IKT exp (-QG/KT) (3) 
All • -2Yb0/r (Gibbs-Thomson's equation for (4) 
a spherical grain) 
where M: mobility of the boundary 
A~t chemical potential drop across a grain boundary 
b: distance that boundary migrates when each net atom is 
transferred from one grain to the neighboring gratn 
v: vibrational frequency of atoms 
K: Boltzmann's constant 
T: absolute temperature 
QG: act ivated energy for grain boundary 
Yb: grain boundary energy 
0: atomic volume 
r: radius of the spherical grain 
According to the above equations, Eqs. 2-4, the migration velocity 
of the gr:;.'in boundary is influenced by the activation energy QG and 
grain boundary energy, Vb' at a fixed temperature and grain radius. 
Viswanathan and Bauer (106) have examined the gratn boundary 
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migraUon 1n high-purity copper btcrystals and have shown that the 
act1vated energy for gr~ln boundary migration, QG' decreases as the 
grain boundary misorientation angle increases. This confirms that 
low-angie boundaries are less mobile than the randomly d1stributed 
high-angle boundaries. In addition, it has been shown by Viswanathan 
et al. (106) that the activation energy for gratn boundary migration did 
not vary much at these low-angle boundaries (misorientation angles 
were less than 9-). Moreover, the grain boundary energy Vb increases 
as the grain boundary misorientation angle increases (i06). As a 
consequence, it can be concluded that the lower the grain boundary 
misorientation angle is, the slower the grain boundary migration rate 
is. It should be noted that the drag effect caused by impurity or solute 
atoms has been ignored in this analysis. 
More than 75" - 80" of the grain boundaries observed by Lee (52) 
in the rheocast microstructures that were Quenched from the mushy 
zone without isothermal holding are nonsegregated low-angle 
boundaries. Accordingly, these low-angle boundaries have a low 
mobility of migration and grain boundary energy and thus have low 
migration velocities during grain growth. Consequently, after 3 hours 
of isothermal stirring, grain boundaries with a low misorifmt3tion 
angle will survive and will exist because of their low velocity of 
migration. The remaining 20" - 25" of the grain boundaries observed 
by Lee (52) in the rheocast microstructures that were Quenched from 
the mushy zone without isothermal stirring are solute-enriched 
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high-angle boundaries, and many of them are of low energy as a result 
of slntering effects. Primary solid particles may continuously undergo 
sintering (to form clusters) and fragmentation of clusters by 
deformation, or gl'ain boundary sliding during a 3-hour isothermal 
sUrring cycle. Therefore, the response of these high-angle but 
low-energy boundaries to grain growth (during isothermal sUrrtng) ts 
more complicated than the relationship given by equation 2 for the 
grain boundary migrat ion. 
In this study, the IN-IOO liquid metal was mechanically and 
continuously stirred from 30·C (86-F) above the liquidus temperature 
to a desired temperature in the mushy zone and then isothermally 
stirred for an additional IS or 4S minutes and subsequently furnace 
cooled without stirring. The history of grain boundary migration in the 
rheocast structure after furnace cooling is more com~Hcated than that 
after in-situ Quenching because grain growth in the former is occuring 
not only during isothermal stirring but also during the furnace coollng 
period. The grain boundaries that survived after isothermal stirring in 
the mushy zone will again move, or disappear, during tin: t\ Quent 
furnace cooling period. However, f he migration velocity of high- or 
low-angle grain boundaries is much slower durlng furnace cooling than 
during ~sothermal stirring. This slower grain boundary movement 
during furnace cooHng can be attributed to lower temperatures; the 
drag exerted by grain boundary preCipitates, 1.e., carbides, y-y' 
eutectic islands and incoherent y' particles; and the drag exerted by 
coherent y' particles inside grains. Therefore, most of the low-energy 
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boundaries that have :;urvived after isothermal stirring in the mushy 
zone wt11 be retained after the furnace cooling of the sample. 
All meocast fw-nace-cooled Ingots that were processed under 
dIfferent processIng conditIons - dIfferent stIrrIng speed, time, f s -
have a microstructure that shows a cert~in amount of nonsegregated 
grain boundaries that were not observed in the dendritic grains of the 
nonstlrred structures. For example, a representative SEM micrograph 
of a rheocast structure, Figure 34, shows that 7 out of the 15 grain 
boundaries examined by WDS analysis are not Ti- and Cr-enriched. 
However, these 7 nonsegregated grain boundaries cannot categorically 
be characterized as low-angle boundar;,es since twin boundaries, which 
are high-angle boundaries, are also known not to be solute-enriched 
boundaries. Tilerefore, it is necessary to carry out grain 
misorientation studies to quantitatively evaluate the misorientation 
angles between grains and estabHsh without doubt the nature of the 
boundary; i.e. low-angle boundaries or twin high angle-boundaries. 
Unfortunately, the Kosse1 camera was not available during this study to 
measure the misorientation angles of the grain boundary. Even though a 
Quantitative analysis regarding the origin of grain boundaries was not 
carried out, the existence of nonsegregated grain boundaries in all the 
rheocast ingots, and their absence in the nonstirred ingots, is indirect 
evidence of the Vogel-Doherty-Cantor model, which suggests that the 
breakup of dendrites during rheocasting is preceded by the form,ation of 
grain boundaries. 
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A-2-J Bbeocast MlcrostructlD 
The Introduction of meet.,lcal stirring CUing solidification 
results in a change in the structll'e of the Ingot. A combination of 
columnar and varied-size equlax.d dendritic grains is observed in the 
nonstlrred Ingots; these are replaced by rounded or globular 
nondendritlc grains in the rheocast ingots. In some of the rheocast 
ingots, small regions of coarse eQUiaxed grains are observed. The 
degree of structural change noted during rheoeasting IS a consequence 
of the processing variables imposed - t.e., the degree of stirring speed, 
isothermal sUrring time and volume fraction soUd. The influence of 
the processing variables on the resultant cheocast struct\Fes can be 
explained in terms of the change 1n morphology of the primary solid 
particles, described earl1er in Section A-2-1, and the mech2nlsm of the 
transition from dendritic to nondendritic, Section A-2-2. 
(a) Effect of SUrring Soeed 
When the IN-IOO melt is continuously stirred by a rectangular 
paddle from 30·C (86-F) above the liquidus temperature, the bulk bath 
temperature is uniform everywhere inside the crucible except for a 
thin laminar region near the crucible wall because of the induced 
convective flow or mixing by vigorous agitation. The observed 
temperature gradjentsfor the case of the nonsttrred casttngs (Figure 
9) is not observed in the stirred meocastings. 
When the melt temperature is lowered slightly below the liquidus, 
the primary soUd particles begin to nucleate, and subsequently growth 
occurs. These nuclei, which are not uniformly distributed in the 
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nonsUrred case, due to gravit~' segregation, are fully and uniformly 
suspended in the melt when mechanical1y stirred: the grav1ty effect 
resulting from density differences between the soUd and Hquid phases 
is overcome by the induced turbulent flUid flow. 
. ... 
The primary dendrite particles formed during the early stages 
of solidificatlon exhibit a low solute content. These high-purity 
particles are beHoved to be easily bent and are plastlca11y deformable 
under shear at a temperature near their melting point (64). With 
mechanical stirring, the dendrite arms of the primary solid particles in 
the IN-IOO a110y system are expected to be bent by the stirring-induced 
shear stresses and thus to form grain boundaries. As a consequence, 
nondendritic particles w111 be formed since the dendrites wiIJ break 
apart along the prior boundarles. During the early stages of 
solidification, these soUd particles, which resulted from either 
nucleation or fragmentation, are spaced widely apart since there is a 
low volume fractlon solid, and they are expected to grow as sma11 
dendrites, because the growing soJ1d- liquid interface is predicted to 
become more unstable by the stirring action. The formation of the 
more uns".able soJid-Jjquid interface occurred because the thickness of 
the solute-enriched layer is reduced from a value close to the particle 
radius to that of the boundary layer thickness, and the solute gradient 
becomes steeper with stirring. Therefore, the soHd particles produced 
during stirring can be attributed to continuous formation and fragmen-
tation of dendrites until the density of the fine solid particles is high 
enough that a stable nondendrltic growth may be expected when the 
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overlapping diffusion fields from adjacent growing particles interact 
to reduce concentration gradients and thus cause shape instabHity (28). 
These soUd particles will then spheroidize mostlv during isothermal 
holding in the mushy zone. 
The effect of stirring speed on the resultant rheocast structure is 
shown in Figures 24 to 27, where structures are compared at a 
constant volume fraction solid of 351 and an isothermal stirring time 
of 15 minutes. Increasing the stirring speed, I.e., shear rate, In the 
liquid metal increases the turbulent fluid flow and therefore results in 
an increase in the induced shear stress on the dendrite particles. 
Accordingly, the Quantity of soUd particles detached from the 
dendrites by fragmentation can be expected to Increase as the speed of 
mechanical sUrrlng increases. Therefore, with a high stirring speed of 
560 rpm, most of the primary solid particles present after isothermal 
holding are spherical in shape (Figure 74) while. with a low sUrring 
speed of 325 rpm, the primary solid particles show a combination of 
dendritiC, rosettellke and spherical morphologies (Figure 73). 
The macrosegregation of the resultant rheocast structure has been 
reduced or eliminated by Increasing the stirring speed In the mushy 
zone (compare Figures 24(a) and 27(a». This effect of sUrring speed 
on the macroscale chemical homogeneity can be att,'ibuted to the 
degree of mass feeding, I.e., movement of solid and liquid, when the 
paddle was removed from the melt. It has been mentioned in Section 
8-1 of Chapter III that for all the ingots stirred at a volume fraction 
solid of 351, the stirring was discontinued after isothermai holding, 
.. -$-."""'--...,-..... ~,....,;-.... ~-,,.. .. --~,,.------- ...... 
-. ~ 
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and subsequent Iy the rectangular paddle was Hfted out and the slurry 
was allowed to coot. The primary solid particles suspended fully in 
the liquid metal during stirring tend to cluster together when the 
sttrring is terminated. The strength (or number) of bonds between 
particles increases with time and so does the viscoslty of the slurry. 
Moreover, it has been shown that the clustering reaction is faster in a 
slurry with a large amount of soltd-l1quid interfacial area, e.g., 
dendritic or rosette like solid particles, than in a slurry having a 
smaller sohd-Jiquid interfacial area, e.g. spherical soUd particles (63). 
Consequently, at the same volume fraction solid, the movement of 
Jiquid and solid, i.e., mass feeding of the mushy network, will be higher 
for the case when spherical soUd particles e)(ist than the case when a 
dendritic/rosette Uke structure e)(ists. Therefore, for a liquid metal 
stirred at a high speed of 560 rpm, the I'esultant primary soUd 
particles are mostly spherical, as seen in Figur~ 74. These particles 
can easily rearrange their positioning, Le., mass feeding occurs. During 
the furnace cooling period, these primary soHd particles are 
continuously growing without any further interfacial instability untl1 
they contact and impinge with each other. As a consequence, the 
resultant rheocast ~tructure of the ingot that was stirred at a high 
speed of 560 rpm c.learly shows a uniform distribut ion of fine 
nonequia)(ed grains (Figure 27). 
In contrast, as U,e stirring speed decreases from 560 rpm to 325 
rpm, the number of rosetteHke sol1d particles increases; this gives 
rise to an increase in the bonds between particles, and thus 
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the viscosity is increased. Accordingly, when thf paddle is lifted 
without stirring, the mass feeding of the mushy aHoy in the low 
st irring speed case wi 11 be difficult or insufficient, and as a 
consequence, this will result in a V-shaped region where only a few 
primary soHd parttcles or nuclei exist. The formation of this V-shaped 
macrosegregat ion region is due to the fluid flow pattern induced bV 
lifting paddle, shown in Figure 77. After the slurry is furn~ce cooled, 
coarse dendritic grains are expected to be formed in thts V-shaped 
region, stnce only a few nuclei are present and it is the area that 
solidified last, Figure 24(a). This phenomenon of macrosegregation is 
further confirmed by the results obtained from WDS analyses, which is 
resulted that Tt and Cr contents in the V-shaped region are higher than 
those tn any other locations tn the tngot (Figure 78). 
Increasing the stlrring speed in the mushy zone does not 
significantly change the level of microsegregation (cf. Tables IV and V). 
'This similarity in the level of mlcrosegregation is because the total 
solidiftcation time, Including the lsothgrmal holding tn the mushy zone, 
does not vary with stirring speed. This is confirmed by the measured 
Tl and Cr contents for the 20 arbitrarily selected grain samples that 
were stirred at high and low stirring speeds; see Tables IV and V. It is 
believed that the scatter in the measured compositions is due to 
variations in the plane of section from one grain to the other. 
Murty et at (56) have shown that a flat elemental compositton 
proftle with abrupt changes at boundaries was evident in the'pf'hnary 
solid particles of the water-quenched slurries in the X-40 cobalt base 
superal1oy, However, such a flat segregation profl1e is not observed in 
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any of the representative rheocast IN-IOO composition prof ties shown 
in Figure 28, where the solute content (such as TI and Cr) Increases 
gradually from the grain center to the gratn boundary. The nature of the 
composition prof tie in the rheocast IN-IOO alloy can be attributed to 
the difference in the total solidification time. The rheocast ingots of 
IN-IOO, which were soHdified slowly In the furnace will experience 
more solute diffusion than the rheocast sample of X-40, which was 
simply water quenced from the mushy zone. During furnace cool1ng, 
after the stirring action has been stopped, the rate of solute diffusion 
will decrease as the temperature drops. In addition, the amount of 
solute dlffused can be expected to decrease as the distance from the 
grain boundary to the grain center increases. Consequent ly, a gradient 
of solute content w111 be expected In the rheocast grain after the ingot 
has been furnace cooled. 
At constant Isothermal stirring time and volume fraction soUd, 
the quantity of V-yO eutectic islands present tn the resultant rheocast 
structure is not expected to change as the st irrtng speed varies. 
However, changing the stirring speed wh1le in the mushy zone has been 
shown to affect the size and morphology of the grains in the rheocast 
ingot and therefore could give rise to a change in the size and distribu-
tion of the y-y' eutectic islands. For the ingot stirred at a low speed 
of 325 rpm during solidification, a significant quantity of the existing 
rosetteUke or dendritic grains exhibit fine y-y' eutectic particles 
between the bent dendrites and coarse y-y' particles between grains 
(Figure 24(b». The y-y' particles are non-uniformly distributed. In 
contrast, as the stirring speed increases, the quantity of the 
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rosetteHke grains decreases in favor of sphe?"r:al grains; thus the 
number of grain boundaries increases. As a consequence, the y-y' 
eutectic islands can be expected to precipitate uniformly between the 
grains during the fin~1 stages of soltdtflcation. For example, the V-yo 
eutectic islands are more uniformly distributed within the "spherical 
grain" structure obtained by stirring at a high stirring speed (560 rpm) 
than in the structure containing a combination of dendritic, rosetteltke 
and spherical grains, which results from stirring at a low stirring 
speed (325 rpm), cf. Figures 24(b) to 27(b). The last regions to solidify 
within the castin~ are where the V-V' eutectic islands precipitate. The 
micropores that mostly ori~~nated from soUdification shrinkage are 
frequently formed near the V-yO islands. As a consequence, the distri-
bution of the microporosity is expected to be more uniform in the ingot 
that was st irred at a higher speed than in the ingot processed at a low 
st irring speed. 
(b) Effect of Isothermal SUrring Time 
The effect of the isothermal stirring time on the resultant 
rheocast structure is compared at a constant st jrring speed of 325 rpm 
and a volume fraction solid of 351; and with varying isothermal 
stirring times of IS and 45 minutes. Increasing the isothermal stirring 
time improves the macro- and mlcrosegregation, grain refinement and 
morphology of the rheocast ingot (cf. Figures 24 to 29). This improve-
ment in' the resultant rheocast structure can be attributed to the 
(iinhanced dendrite fragmentation and coarsening that takes place in the 
primary solid particles as the isothermal stirring time in the mushy 
zone increases. 
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Most of the bent dendr1tic or rosetteHkf. primary solid particles 
found at a short isothermal stirring time of IS minutes (Figlre 73), are 
replaced by spherical primary solid particles as the sUrrlng time 
increases to 45 minutes (Figure 75). With longer isothermal stirring 
times, the resultant increase In the number of spherical primary 
particles impHes that the amount of dendrite.-m fragmentation 
increases as the stirring time increases. Similar results regarding the 
effect of the stirring time on the size and shape of the primary solid 
particles have been obtatned by Taha and Mahal1awy (107) tn 
characterizing the microstructure of rheocast stainless steel. The 
longer the paddle 1s :itirred In the Hquid melt, the more the dendrite 
arms are plastically deformed or bent by the stirring-Induced shear 
stress. 
The number of primary solid parUcles has been seen to increase 
as the isothermal stirring ttme Increases; however, the primary 
particle size in the tngots stirred for longer Umes (Figure 75), is 
larger than the bent dendrite arms or particles in the ingots stirred for 
shorter Umes (Figure 73). This inct'ease in the size of the primary 
particles ('In be attr~buted to the enhanced coarsening resulting from 
both isothermal holding and sttrring. In fact, by compaf'ing the mor-
phology of the primary dendrite arms in nonstirred samples observed 
after 5 minutes of isothermal holding (Fig\l'e 71 ), with that observed 
after 20 minutes of isothermal holding (Figure 72), during the 
reheaUng experiment, it is clear that a coarsening process has taken 
place during isothermal holding without stirring. The radius of 
curvature of the soUd-liquid interface, especially at the dendrite tip, 
~ .... ~-,...c __ 'f"""Jr,",If"""'~_"""'"' ".~ .. ~ 
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has increased as expected with the Isothermal holding time, because 
the coar'sening is driven by interfacial energy reduction. As stirring is 
introduc&d during isothermal holding, the primary solid parUcles will 
be coars~ned not only by the reducatton in the interfacial energy, as 
expected, but also by the faster solute transport that results from 
stirring. This was also suggested by Vogel et at (65); that Is, with 
stirring of the slur'). ,30lute transport by diffusion need only occur 
across a thin boundary layer around a growing or dissolving parttcle. 
Transport across the remaining interparticle distances can be achieved 
by fluid flow, giving a higher rate of solute transport and thus faster 
coarsening rates. Therefore, a very long isothermal stirring t1me 1S not 
deSirable, because the grain refinement achieved by increasing stirring 
time can be eventually counteracted by the excessive coarsening. 
Incidentally, the surface energy-driven changes inside an individual 
particle, i.e. the change from a rosette shape to a sphere, should not be 
accelerated by fluid flow, since the fluid flow is unlikely to penetrate 
between the rosette arms (65). 
The macrosegregation of the resultant rheoc3st ingot is reduced 
t)y increasing the isothermal stirring time during solidification. This 
improvement in the chemical homogeneity of the macrostructure can be 
explained by the fact that increasing the stirring time increased the 
quantity of spherical primary soUd par"ticles at the same volume 
fraction sol1d and therefore could give rise to an eaSier mass feeding 
as the stirrmg paddle was pulled from the Hquid melt after completely 
terminating stirl'ing. 
Increasing the isothermal stirring time in the mushy zone clearly 
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increases the time available for solute diffusion to occur in the 
primary solid particles. Therefore, the solute content can be expected 
to be more homogeneous and closer to the equiHbrium composition in 
the primary soUd particles isothermal1y stirred for 45 mtnutes of than 
in those stirred for 15 minutes. The higher cherT\ical homogeneity in the 
primary soUd particles with a longer stirring time would thus lead to a 
higher solute content at the grC!ln center and a reduced 
microsegregation, 1.e., more homogeneous grains, in the resultant 
rheocast ingot (cf. Tables IV to VI). In addition, the distrlbution of the 
y-y' eutectic islands in the rheocast ingot becomes more uniform as 
the isothermal stirring time increases, Figures 24 (b) to 29(b). The 
increasif)~ uniformity in the distribution of the eutectic islands is due 
to the fact that most of the primary sol1d particles observed after 45 
minutes of isothermal stirring are spherica1. 
(c). Effect of VuJwne Fraction Solid 
At a constant isothermal hold time and stirring speed, the degree 
of macro·· and microsegregation in the resultant rheocast ingot 
decreases as the volume fraction solid increases (cf. Figures 24, 30 and 
31, and Tables I V and VII). In addition, increasing the volume fraction 
sol1d reduces the grain size and improves the sphericity of the grains. 
These improvements in the rheocast structure can be attributed to (j) 
increasing stirring time; (10 increasing the fluid-induced shear stress 
on the dendl"ite arms; and (111) increasing the solute concent~;"ation 
gradient. 
The effect of volume fraction solid on the rheocast structure is 
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studied at a constant isothermal stirring speed. However, in order to 
keep a constant cooling rate of 4·C/minute, the time spent on cool1ng 
from the liquidus temperature, T L' to the desired temperature, T fs' 
increases as the T fs decreases, I.e., at the volume fraction solid 
increases. Therefore. the total stirring time is the longest in the ingot 
isother- ma11y stirred at 651 fs and then decreases in the order of SOl 
'S and 351 's. Furthermore, the apparent viscosity of the slurry 
clearly increases as the volume fraction solid increases (6). 
Accordingly, in orde',' to keep the paddle at a constant stirring speed, 
the amount of power or shearing needed to agitate the slurry of a 
higher viscosity (a higher voh.me fraction solid) is higher than that 
needed to agitate the slurry of a lower viscosity (a lower volume 
fraction solid). Therefore, the dendrite arms can be expected to be 
subjected to an increasing shear stress as the volume fraction solid 
increases. Consequently, at a constant stirring.speed and a constant 
isothermal stirring time, dendrite arm fragmentation occurs more 
readily (due to a higher shear stress), and the spherical morphology 0' 
the particles is more stable (because of a larger total stirring time) in 
the primary solid particles stirred at a higher -,olume fraction solid of 
651 (Figure 76) than in those stin'ed at a low volume fraction solid of 
351 (Figure 73). 
Most spherical primary solid particles ObSi~)'r'V~$:J;f,ii\ U')~ specimen 
of a high volume fraction solid of 651 (Figure 76) '::::S!'q{ '~13,i(}tated; 
instead they tend to coalesce and form agglofn~i' 1;'" c"": ."0(":';',(~"i"'it:t! the 
rheocast structure, the number of agglomerates \;thl;,1:';t\ "<vi :1;'I~I,{~~jjses as 
the volume fraction solid increases (ct. Figures 24(b), 3IJU3.~ .fr{i~ 3 Hb». 
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This agglomeration of the spherical or rounded particles is beHeved to 
result from partiCle collision during stirring, I!')creasing the vQlume 
fraction solid in the mushy zone shortens the interparticle distance and 
thus can enhance the possibility of interparticle collisions. The repre-
sentative composition profile obtained from the WDS analysis inside an 
agglomerate of the rheocast structure is shown in Figure 33. Without 
e)(ception, all the boundaries observed inside this agglomerate are 
solute-enriched; this confirms that they are not "recrystallized" 
boundaries. It is suggested that during stirring at a high volume 
fraction solid, sintering of particles may be occurring after particle 
collision. 
For both ingots stirred at high volume fraction solids of 50" and 
65~, the stirring paddle was left in the slurry during furnace cooling, 
because the viscosity or stiffness of the slurry was too high to remove 
the paddle after stirring was stopped. Therefore, the V-shaped region 
having coarse eQuia)(ed dendrite grains (observed in the ingot stirred at 
a low volume fr~Jctiofi solid of 351 shown in Figure 24(a» is not 
observed in the ingots stirred at volume fraction sol1ds of 50~ and 
65", inst~ad, the primary solid particles, which were uniformly 
distributed during stirring, tend to sink due to gravity, This gives rise 
to a region of coarse eQuia)(ed dendritic grains at the top of the ingots 
(Figures 30(a) and 31 (a», However, the area of the coarse 
eQuiaxed-dendritic grains is smaller in the ingot stirred at a higher 
volume fraction sol1d of 65" (Figure 3I(a», than in the ingot stirred at 
a lower volume fraction solid of 50" (Figure 30(a», The reduced 
macrosegregation obtained by stirring at an Inc, ')sed volume fraction 
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sol1d can be attributed to (1) a reduced volume fraction of Itquid; and 
(tj) an increased viscosity. 
The microsegregation of the rheocast ingot is reduced by 
increasing the volume fraction sol1d sUrred isothermally during the 
mushy zone (cf. TablesVl1 and 1 During soHdification, as the 
temperature drops (Le., the volume fraction solid increases), it is clear 
that the difference in the solute content between the center and 
boundary of a solid particle increases (neglecting solute diffusion in 
the sol1d), and therefore results in an increasing solute concentration 
gradient in the solid particles. It is assumed here that the particle 
size does not significantly change with varying volume fraction solid. 
Ij" subsequent isothermal stirring, the so1ute content gained at the 
particle center would increase becau3e an increasing solute 
concentration gradient in a particle at a constant diffusion coefficient 
and time would give rise to an increasing net flux of solute atoms 
transported from particle boundary to center. Consequently, the 
resultant rheocast grains in the ingot stirred at a higher volume 
fraction sol1d (Table VI!), show a more homogeneous solute 
distribution, te., a higher solute content in the grain center and a lower 
segregation ratio, than those in the ingot stirred at a lower volume 
fraction sol1d (Table IV). 
A-3 VADER 
The micro- and macrostructures obtained from the VADER 
process, Figures 38 and 37, are significantly diHerent from those 
produced by the conventional VIM process, see the example of the 
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nonstirred casting shown in Figures 20(b) and 20(a). In the VADER 
process, two horizontal electrodes are consumed (melted) by striking 
an arc between them, and the molten droplets fall towards the mold. 
Droplets have been thought to contain solid particles or nuclei as they 
fall into the mold. It has been pOinted out earlier that the solid 
particles or nuclei formed dur,ng the early stages of sol1dificaton wal 
tend to sink because of their lower solute content than the surrounding 
liquid. However, this gravity effect, resulting from density differences 
between the solid and the l1quid phases, is unlikely to happen in the 
VADER process, because the sem''''W~uid mass ls continually being fed 
by the falling metal droplets. 'The numerous solid particles or nuclei 
win then be uniformly distributed throughout the semiliQuid mass 
where no distinct Hquid pool or liquidus isotherms exist. As a 
conse",~: :lnce, a uniform nondendrit'c grain size and reduced macro-
segregat 10n in the resultant lng'tit are produced by the VADER proces~. 
The grain size obtained by the VADER process, Figure 38, is 
smaller than the secondary dendrite arm spacing obtained from the 
nonstirred casting, Figure 20(b). This difference in the grain size or 
dendrite arm spacing can be attributed to the difference in the coollng 
rate between the VADER and the nonstirred casting. In VADER, the 
metal droplets were dripped lnto a slowly rotated steel mOld. It is 
known that the steel mold has a higher thermal conductivity than 
ceramic molds, specifically, the alumina crucible used in the 
nonstirred series of experiments. Consequently, the grain size 'f) the 
VADER ingot is smaller tf'an that in the rheocasting ingots. 
It is interesting t.o note that the microsegregation, te., 
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segregat10n ratio, 1n the grain or dendrite arm 1s slml1ar in the VADER 
process (Table XII) and in the nonstlrred castings (Table III). This can 
be explaintjd by the fact that in the VADER process, the solid particles 
or nuclei survived in the metal droplets, which had a temperature 
sHghtly lower than the l1quidus temperature of the IN-100 alloy, 
exhibit a solute content close to that of the primary nuclei formed 
during solidification when the temperature of the Hquid melt is that of 
the liquidus temperature. However, the nonuniform size distribution of 
the V-yO eutectic islands observed in the interdendritic and 
intergranular regions of the nonstirred casting, Figure 21, is not 
observed in the structure of the VADER ingot, Figure 38. A specimen 
sectioned from the VADER ingot was reheated to a temperature 
corresponding to a volume fraction solid of 65'"', isotherma11y held for 
5 minutes and subsequently water quenched. The primary solid 
particles are fine, spherical and uniformly distributed in the reheated 
structure, as shown in Figure 79. It is clear that no dendritic particles 
are observed in this reheated VADER sample. As a consequence, these 
fine and spherical particles wil1 result in a uniform distribution of 
y-y' eutectic islands in the resultant VADER ingot. 
B. Structural Response to post ~01jdjficatj9n Thermal Treatment 
8-1 Hot Isostatic processing (HIP) 
HIP causes solute redistribution and increases homogeneity of 
the component (see Figure 80). This is to be expected Since ttle 3-hour 
isothermal hold and subsequent slow cooled inherent in the HIP cycle 
promote solid-state diffusion and therefore decrease the level of 
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m lcrosegregation. 
The grain size does not significantly change after HIP in the 
rheocast Ingots (ct. Figures 42 to 24(b), 43 to 27(b», nor in the 
nonstirred ingot. However, that is nrjt the case for the VADER Ingot. A 
much larger grain size Is observed In the VADER ingot after HIP (Figure 
43) than before (Figure 38). Moreover, after HIP, the quantity of V-V' 
eutectic islands preCipitated at grain boundaries is reduced in the 
rheocast ingots and the nonsttrred ingot (compare Figures 42 and 24(b); 
43 and 27(b»; however, the V-yO eutectic islands have almost 
disappeared In the VADER Ingot (cf. Figures 44 to 38). These structural 
differences as a result of HIP In all three cases - nonstirred, rheocast 
and VADER - can be attributed to variations In the chemical 
homogeneity of the microstructure. 
A homogenization experiment was carried out in order to evaluate 
the degree of chemical homogeneity in each of the three solidlft'cation 
processes. Specimens sectioned from nonstlrred, rheocast and VADER 
ingots were heated in the tube furnace under argon to a temperature of 
I 180·C (2160·F) or 1200·C (2190·F); then the sampies were iso-
thermally held for 3 hours and subsequentJ}1 air cooled to room 
temperature. The reason these two temperatures were chosen was that 
they are higher than the V· solvus temperature of II 04·C (20200 F) 
(Figure 18) and were expected to be just above or below the critical 
melting point of the V-V' eutectic phase in the IN-I 00 alloy, which had 
0.06 w/o of carbon content. Burton (33) has shown by OTA analysis 
that the melting pOint of the V-V' eutectic phase in the IN-I 00 alloy 
with a 0.18 w/o of carbon content Is i 175°C (2 1 47°F). It is beUeved 
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that a decrease 1n the carbon content may increase the so lut ion 
temperature of the y-y' eutectic phase. A Chromel-Alumel type 
(K-type) thermocouple was inserted into each sample to make sure the 
temperature of the sample was accurately monitored, within to.6·C 
(I·F). The rheocast ing spec1mens used in this experiment were 
obtained from the rheocast ingot sUrred at a stirring speed of 325 rpm, 
an isothermal stirring time of 15 minutes and a volume fraction solid 
of 651. The microstructures observed after 3 hours of isothermal 
holding at temperatures of 1180·C (2160·F) and 1200·C (2190·F) are 
shown in Figures 81 and 82, respectively, for the nonstirred casting, 
rheocast1ng and VADER. It should be noted that none of the three 
structures ar:-e completely homogenized at the low holding temperature 
of 1180·C (2160-F ) as shown in Figure 81. Interestingly, a clear 
distinction of black and white areas is observed in a1J three samples 
shown 1n Figure 81. The amount of the black area observed is the least 
in the VADER sample, followed, respectively, by the rheocast and oon-
stirred samples. Figure 83 shows a representative SEM micrograph of a 
semlgrain or dendritic arm including a y-y' eutectic lsland, a coarse 
grain boundary 'V' particle and MC carbides. It is noted that the dark 
area shown in Figure 81 is due to mixing of coarse and fine irregularly 
shaped y' precipitates (Figure 84(b», while the white area is obviously 
a region of very fine blocky shaped V· preCipitates (Figure 84(a». 
Moreover, each of the Y-f olltectic islands, the coarse grain boundary 
y' and Me carbides is also surrounded by the very fine blocky shaped y' 
preCipitates, te., white area, Figure 81. The formation of these size 
distribution of y' precipitates in the matrix (see Figures 83 to 84), can 
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be attributed to the origlnal-size y. precipitates and to the kinetics of 
the y. dissolution in the matr"lX during the homogenization, It has been 
shown by Aaron and Kotler (108) that increasing the original size of a 
second-phase precipitatp. raised the time required to dissolve the 
precipitate at the same temperature. Accordingly, the fine y. particles 
precipitated in the matrix at the center of the dendrite arms or grains 
can be expected to dissolve completely after the homogenization 
treatment at 1180'C (2160·F ) and reprecipiate with a much finer size 
in the subsequent air cooling, Figure 84(b), In contrast, ~ome of the 
very coarse y. particles precipitated in the matrix near ttle grain 
boundaries or lnterdendritic feglons may need a time longer than 3 
hours at 1180·C (2160·n to dissolve, Therefore, these coarse y. 
particles will have survived (or partially dissolved) after the homo-
genization treatment and can be expected to be surrounded by very fine 
y. precipltates on subsequent air cooHng. The presence of a region of 
very fine y. precipitates surrounding the V-V· eutectic island, grain 
boundary y. or MC carbides can be csttributed to the mechanism of 
particle coarsening termed "Ostwald Ripening", These grain boundary 
particles, such as V-V· eutectlc islands, are much larger than the 
surround- lng y' particles preclpltated in the matrix. Therefore, at a 
temperature of 1180·C (2160·F), there wll I be a d1ffusive flux of 
solute atoms fr'om the y' precipitates to the grain boundary particles, 
which will finally result in the disappearance of these y' particles, 
As the homogenization temperature is raised to 1200·C (2190·F), 
the region that 1s dark in color (mixing coarse and fine y' particles) 
decreases, as expected, because larger areas of preCipitated y' 
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partlcles are dissolved in the matrix at this temperature than at a 
lower temperature of 1180·C (2160·F) (compare Figures 82 and 81 ). 
The decrease in the amount of the dark area, 1.e. increase in the 
chemical homogeneity, is more pronounced in the rheocast sample 
(Figure 82(b» than in the nvnstirred sample (Figure 82(a». This is 
further evidence in support of the conclusion discussed ear Her that a 
rheocast structure is mt)re homogeneous than a nonst irred structure. 
The y-y' eutectic islands, observed in both the rheocast and 
nonstirred samples in Figures 82(b) and 82(a), respectively, almost 
disappear in the VADER sample shown in Figure 82(c) after the homo-
genization treatment at 1200·C (2190·F); coarsening of the VADER 
~Jrains is seen. Clearly, among the three different solldification pro-
cessing techniques, the VADER structure is shown to be the most homo-
geneous, followed by the rheocast structure and then the nonstirred 
structure. The higher chemical homogeneity in the VADER process is 
attributed to (1) the finer grain size, (ii) smalle'r V-V' eutectic islands, 
and (iii) more uniform distribution of the gratn boundary phases, e.g., 
coarse V· particles and V-y' eutectic islands. 
According to the results obtained from the homogenization 
experiments, the variations of the structural reponses in different 
ingots after HIP can be explained. The VADER structure with a huge 
grain size and disappearance of V-V' eutectic islands observed after 
HIP (Figure 44) is clearly siml1ar to the structure of the VADER sample 
observed after a homogenization treatment at 1200·C (2190·F) (Figure 
82(c». It has been noted that the actual HIP temperature during 
isothermal hold was controlled at the range 1180 :t20·C (2160 :t3S·F). 
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The VADER ingot in the HIP furnace was believed to be located in an 
area near the highest temperature of approximately 1200·C (2190·F), 
which would give rise to grain coarsening, as expected according to the 
results obtained from the homogenization experiments. 
Grains tn either nonst irred or rheocast ingots are not 
significantly coarsened after HIP. This can be expected because the 
existence of V-V' eutectic islands and other grain boundary phases will 
retard the grain boundary movement during HIP. It should be pOinted 
out that the dark and white regions observed in the structure after the 
homogenizat ion treatment are not seen in the structure after HI P 
(Figures 42 to 44). Thts structural difference can be attributed to the 
difference in coolin9 rates between the two processes. The furnace 
cooling used jn HIP exhibits much slower cooling rates than the air 
cooling used in the homogenization treatment. As a consequence, the V· 
particles preCipitated at the center of the gratn would be coarsened 
during the furnace cooling and would therefore result tn a more uniform 
size distribution of y' particles in the grains of the structure after HIP 
than after homogenizat ion treatment. 
The amount of microporosity shown after solidification 
processing is reduced after HI P (cf. Figures 42 to 24(b),43 to 27(b»; 
however, few micropores still appear, as shown in Figure 43(b). 
Clearly, structures of the ingots observed after HIP in a given HIP cycle 
(l.\;;., 3 hours of isothermal holding at a temperature 1180·C (2160·F) 
under an argon pressure of 15 ksi (105 MPa» are not optimized. 
Therefore, a better HIP cycle (e.g., increases in isothermal holding time 
or pressure) and better temperature control in the 3·C (tS·F) range in 
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the HI P furnace are recommended. 
B-2 Heat Treatment 
After HIP, ingots were heat treated, including a solution 
treatment and a three-stage aging treatment, to optimize the 
structural response to loading. The grains are further homogenii~d, as 
expected (e.g., see Figure 80), after heat treatment. However, a slight 
color difference in the microstructure between the center and boundary 
of the dendrite arm, grain or subgrain Is observed in the nonstirr~d, 
rheocast and VADER speCimens, Figures 45 to 50. The occurrence of 
this observed color difference is believed to be due to size variations 
of the V· preCipitates shown between the center and boundary of the 
dendritic arm, grain or subgrain, as discussed in U,e previous section of 
this chapter. 
The gr~jns of all the ingots do not significantly change their size 
after heat treatment; for example, compare Figures 46 and 42; 47 and 
43. This is e)(pected and can be attributed to the drag force resulting 
from the grain boundary phases, such as carbides, V-V' eutectic islands 
and coarse grain boundary V· particles, on the movement of the grain 
boundary. However, most of the grains observed after heat treatment 
are more spherical than those observed bet'ore heat treatment. 
The morphology of the V· preCipitates at the centers of the 
dendrite arms, grains or subgrains has varied from a combination of 
Cut,11~3nd dendritic shape prior to the heat treatme-nt Into a completely 
cubic shape after heat treatment (compare Figures 51 and 22(a), 35 or 
39(a». The V· preCipitates dissolved at the solut.ion temperature are 
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expected to reprectpttate finely as spheres during the stage of oU 
quenching and then grow and become cubic under the subsequent age 
treatment. Clearly, the dendntic V' precipitates are not observed in 
the structure after heat treatment, Figura 51. 
It is not surprising that the V· precipltatesobserved near the 
boundaries e)(hiblt a coarser and more irregular morphology than those 
observed at the centers of the dendrite arms, grains or subgrains 
(compare Figures 52 and 51). However, these V' precipitates located 
near the grain boundary after heat treatment are finer and more 
spherical than those before heat treatment (compare Ftgurp.s 52 and 
22(b); 36 and 39(b». This variat ion in the V' morphology can be 
attributed to the difference in cooHng rates between HIP and the 
solution treatment. 
A v'-denuded zone of the width of I ~m or less is observed near 
most of the V-V' eutectic islands, carbides and gratn bpundary coarse 
V' particles in the structure after heat treatment, Figure 52. The 
formation of this denuded zone can be e)(plained by the fact that the V' 
precipitates located near the V-V' eutectic islands, coarse grain 
boundary y' particles or carbides will dissolve according to the 
·Ostwald Ripening" theory. However~ this e)(planation can be accur'ate 
only at the stage of solution treatment. During the subsequent aging 
treatment, it was expected that more fine y' particles would gradually 
repreclpttate between the preexisttng y' particles that were not 
dissolved during the solution treatment. These latter precipitated y' 
particles are too fine to be detected with SEM microscopy. As a 
consequence, the V· denuded zone observed under SEM, Figure 52, may 
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not be a teta11y precipitation-free zone, It is suggested that the actual 
width of the y' denuded zone, if it exists, is pr'obably much smaller 
than the width observed in Figure 52 and is dependent upon the 
diffusion distance ahead of the y-y' eutectic particles. SimiJar1y, the 
volume fraction of y' precipitates obtained at the center of the 
dendrite arms, grains or sub~r~1ns ( Figure 51) is underestimated. 
C. Mechal)jcal propert ies 
C-l MicrQharc;t-,ess 
The mean microhardness increases from the center to the 
boundary of the dendrite arms and grains in the as-cast (Table XiV) and 
heat treate.d conditions (Table XV). The wide range of microhGrdness 
shown in either the center or the boundary of each sample can be 
explained by the difficulty of evaluat ing the microhardness at a 
consistent section or location for all 25 arbitrarily chosen grains in 
each sample. Generally speaking, factors that ihfluence the 
microhardness of the nickel-b~se superalloy include: 
(j) The content of alloying elements in the matrix 
(it) The size distribution and volume fraction of y' 
precipitates 
In the as-cast condition, the size and volume fraction of y' 
precipitates did not significantly vary wlth different soltdiflcation 
processing. This can be expected because of the slow furnace cooling 
that is inherent to these processes. Therefore, the variation in the 
average microhardness, shown in Table XIV, can be attributed to the 
difference in the alloying contents in the matrix ;n the as-cast 
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condition. The specimen obtaine<1 from the ingot with the high volume 
fract ion sol id of 65% has been shown to have the highest alloying 
content, e.g., 1'i and Cr, in the grain center and thus exhibit the highest 
mean mlcroharl'Jness of all ttje samples. 
The ieve'j of microhdrdness in all the specimen~) increase as 
expected after the HIP and heat treatment (cf. Tables XIV to XV). 
However, no variation in the mean microhardness mllOng all the 
nonstirred and rheocast specimens after the thermal treatment is 
shown in Table XV. This similarlity can be explamed by the fact that 
the grains in the nonst irred and rheocast specimens have been heat 
treated to a similar homgeneity level, and 1n addition, a similar size 
distribution and volume fraction of y' precipitates has resulted under 
the same thermal treatment cycle. In contrast, for the VADER 
structure, the unexpected dissolution of the grain boundary V-V' 
eutectic islands after HIP, Figure 44, has further been homogenized, 
Le., increasing the alloying contents in the matrix, and this results 1n 
the highest nicrohardness at the grain center (Table XV). Clearly, the 
lowest microsegregation inherent in the VADER grains after heat 
trec:ltment gives rise to the lowest m1crohardness at the grain 
boundary. 
C-2 Tensile Properties 
The absence of a significant difference in microstructure in 
terms of the volume fraction and size distribution of y' precipitates 
and the level of microsegregation between the nonstirred ingot and 
rheocast ingots after the HI P and heat treatment leads to the cone lu-
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SlOO that any observed differences in the tensile properties must be 
due to grain size, 
All the rheocast specimens exhibit a higher yield strength and 
ultimate t~nslle strength than the nonstirred specimen when tested at 
650°C (1200·F) In air (Table XVI), This improvement in stren~th can be 
attributed to the grain ref tnement achieved in the structrJre by 
introduction of the mechanical stirring during solidification, It has 
been shown that decreasing the grain size in nickel-base superalloy 
increased the yield strength and ultimate tens; Ie strength at 650·C 
( 1200·F) in ail' (84), 
Increasing the stirring speed, isothermal stirring time or volume 
fraction solid reduces the grain size (Figures 46-49) and therefore 
results in an increase in the yield strength and the ultimate tens; Ie 
strength (Figures 53-55). The absence of asignificant difference 
between varying stirring speed from 450 to 560 rpm (Figure 53) or 
varying volume fraction solid from 5076 to 6S?l: (Figure 55) is believed 
to be a result of the grain coarsening effect that occurred during 
thermal treatments. Some fine y-y' eutectic islands located between 
equiaxed grains in the ingot with the stirring speed of 560 rpm may 
completely dissolve during thermal treatments, and this may 
subsequently result in a grain growth into grain sizes on an order to 
those observed in the ingot with the stirring speed of 450 rpm. 
However, the similarity of grain size observed after thermal treat-
ment does not occur between ingots with the stirring speeds of 450 
rpm and 325 rpm. This is because the rate of grain growth decreases 
as the number of grains decreases, i.e., as grain size increases; 
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therefore, grains with the stirring speed of 450 rpm won't be able to 
grow to the size of those observed with the low st irring speed of 325 
rpm. Furthermore, it has been shown that the ingot stirred at a volume 
fraction soUd of 65~ exhibits a finer grain size and a larger number of 
agglomerates than that stirred at a volume fraction solid of 50%. 
During thermal treatment, those agglomerates would tend to be 
homogenized (i.e., boundaries within each agglomerate would disappear) 
and become coarse grains. This homogenization of agglomerates 
together with grain growth results in a similar order of grain s'lze 
between the ingots stirred at a volume fraction solid of 65~ and 35% 
after thermal treatment. 
Duct jJ i ty of approxi mate ly 2-3~ does not vary among the 
nonstirred and rheocast specimens. This brittleness can be attributed 
to the residual micropores observed after HIP. VADER grains have 
greatly coarsened during thermal treatment and thus givt: rise to a low 
yield strength. However, VADER specimens also exhibit a similar 
ultimate tensile strength and sl1ghtly higher ductility than rheocast 
specimens. 
C-3 Fatigue CracK Propagation (FCP) Behavior 
Specimens obtained from the VADER and two selected 
rheocast ingots exhibit a lower FCP rate than those obtained from P/M 
processing in air at 650·C (1200~F) and 0.33 Hz (Figure 61). This 
variation in the FCP rate can be attributed to the large difference in 
the grain size observed between P/M and VADER or rheocast structures. 
P/M specimens have a grain size in the range of 3-5 11m ar"d exhibit an 
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intergranular FCP in air at 650·1.2 ( 1200·F) (Figures 64 and 65), This 
intergranular mode of crack propagat ion has been suggest eo to have 
originated from either an environmenta'i or a creep effect. However, 
Gayda et aL ( 109) have recently studied the FCP behavior in air at 
650'C (1200°F) on fine-grained Rene 95 and Astroloy and found no 
evidence of the creep damage on the fracture surface, Therefore, it has 
been concluded that the rapid intergranular crack grcwth of the 
fine-graIned microstructure is largely caused by env;ronmental 
damage, i.e., preferential oxidation at grain boundaries. This conclusion 
has been further supported by Choe et al. (110), Furthermore, it has 
also been concluded that a change in the mode of crack growth from 
intergranular to transgranular was exhibited when the fine-grained PIN 
specimens were treated in vacuum (84). 
In contrast to the flne-grained P/M material, specimens obtained 
from two selected rheocast ingots and one V.4.DER ingot have a coarse 
grain size, on the order of 200-500 ~m (Figures 47,49 and 50). Without 
exception, all the much large!' grained forms of specimens exhibit a 
mixed or transgranular mode of FCP at lower rates than the finer 
grained forms, as shown in Figures 66--69 and 61. Clearly, the 
environmental effect on FCP behavior, discussed above in regard to the 
fine-grained P/M specimens, is less pronounced in the large-grained 
specimens because the total grain boundary area is reduced by 
increasing the grain size. It has been shown by Gayda et al. (84) that in 
P/M Astroloy the tranSition from transgranular to intergranular FCP 
occurred at a grain size of ll~ss than 20 11m when tested in air at 650·C 
(1200·F) and 0.33 Hz. This grain slze effect on the FCP behavior can be 
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attributed to the relative sizes of the grain and of the plastic zone 
developed at the crack tip under cychc loading (j 11). 
It has been further shown by Gayda et at. (84) that as the 
transgranular mode of FCr was operatlng, both lncreaslng grain size 
and increasing yield strenrth raised the FCP res~stance in PIN 
Astroloy. A relationship of the following form was found in the Paris 
regime (84): 
(5) 
where: 0y: yield strength 
d: average grain diameter. 
Gayda et a1. (109) have recently plotted (da/dn) for the various 
forms of Rene 95 and IN-100 materials at a given AK against 
(Oy -I d- 1/2) and shown that the data fit the above correlation very 
well where the transgranular FCP mode operated. 
No significant variation,of the FCP rate has observed between 
the rheocast specimens obtained from the highest st irring speed and 
highest volume fraction ~olid. This can be expected because the grain 
size and yield strength of these two rheocast ingots are on the same 
order after HIP and heat treatment. The VADER specimens show a 
similar FCP rate to the rheocast ones. Even though the VADER samples 
have a lower 0y than the rheocast ones (see EQ. 5), in the former, the 
grain size is larger~ and thus the two effects counteract each other. 
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VI. CONCLUSIONS 
A. Process I 09. of Rhe.Qcas t ~DJt VADER I N- I 00 
A-I Rheocasting 
I. IN-\ 00 nickel·-base superalloy CGlfl be successfully rheocast 
(st Ircast) in a specially built high-temperature vacuum furnace. 
2. The conventional dendritic structure observed in the nonstirred 
ingot is absent. Instead it is replaced by the rosettelike or 
spherical structure in the rheocast Ingot. The mechanism of 
the dendrite to nondendrlte transformation achieved by the 
introduction of mechanical stirring during solidification can be 
explained as cue to dendrites having undergone plastic bending, 
recrystallization and subsequent fragmentation of grain boundaries. 
However, it is not clear if this fragmentation is caused by the 
melting of high-energy grain boundaries (i.e., Vogel-Doherty-Cantor 
model) or simply by grain bounda, y sliding. Some grain boundaries 
indentified as nonsegregated boundaries in the rheocast ingot are 
believed to originate from the low-energy, "recrystallized" 
boundaries that survived after st irring_ During the stage of furnace 
cooling, the movement of these recrystall ized boundaries is slow 
and is further interfered with the high volume of precipitates 
located in grains and grain boundaries. Tho~,e nonsegregated 
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boundaries are observed in al I rheocast ingots but not in the 
nonst irred ingot. 
3. Ingots processed by rheocastlng exhibit the following 
improvements in the resulting structure as compared to ingots 
processed by convent lonal CCi!lt ing (; .e .• no 5t lrr,ng): 
• Reduced segregat ~on 
• Reduceo shrinkage and therefore a lower probal>l1ity of 
ingot crac\( ing 
• Reduced grain size 
c Reduced size and increased uniformity in the distribut ion 
of grain boundary ph~ses, Le., y-y'eutect ic is lands. 
4. The degree of structural enhancements inherent in rheocast ingots 
is influenced by three processing variables: stirring speed, 
isothermal stirring time and the volume fraction solid. The general 
trends established, reflecting the effect of processing variables on 
structure are 
(0 Increasing the stirring speed Increases the amount of dendrite 
arm deformation and fr~gmentationJ resulting in an increasing 
number of primary solid particles, i.e., a decrease in particle 
size, at a constant volume fraction solid and isothermal 
stirring time. This decrease in particle size provides mass 
feeding during the lift ing of the stirring paddle. This gives 
rise to an increasingly uniform distribution of fine grains and 
grain boundary phases in the resulting rheocast structure. The 
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level of nlicrosegregation is not significantly changed by 
varying the st irring speed. 
(11) Increasing the stirring time refines the primary soHd 
particles and thus improves the qualtty of the rheocast 
structure at a constant stirring speed and volume fraction 
solid. However, coarsening 1S enhanced by increasing st irring 
time, and therefore it may adv~rsely affect gratn re'fining if 
too 'long a st irring time IS used. 
(110 Grain refinement and structural improvement are achieved by 
increasing volume frClcttol'l soltd at a constant stirring speed 
and constant isotnermal sthTing time. This occurs because of 
an increase in the shear forces on the dendrites and also an 
increase in the total stirring time with an increasing volume 
fraction sohd. An increasing volume fraction solid thus 
greatly reduces the level of microsegregation. However, 
increas~11g the volume fraction solid increases the opportunlty 
for interparticle collision and therefore raises the number of 
agg 1 omerates. 
A-2 VADER 
1. The VADER process produces superalloy ingots having a uniform 
fine grain size. This is attributed to the numerous nuclei that 
exist in the droplets. 
101 
~ .. '~" .ue ... ·.· ..-., 
-~- - ~ ---
'. 
( 
A r 
I 
I 
:1 
'f 
. 
, 
t 
f 
t 
. 
" 
:1 
, 
r; 
F t! 
r: 
" ~ 
~ 
~, . 
;-
-
2. The steel mold used in the VADER process allows for higher cooling 
rates than the AI 203 crucible used in the rheocast process. 
Therefore, the grain size in the VADER ingot Is smaller than the 
dendrite arm spacing present in the nonstirred ingot and the grain 
size in the rheocast ln~ 't. 
3. The level of microsegregation is similar for the VADER and 
nonstirred castings. This is because the dr~plct temperature is 
below, but close to, the liquiduS temperature. 
B. Structural Response During Postsol1dification Treatment 
1. The observation of porosity in the ingot following HIP clearly 
indicates that the HI P cyc Ie u~·ed in this study was not opt imum. 
2. The VADER grains coarsened significantly during HIP. This is 
attributed to the poor tempeature control in the HI P furnace. 
3. The grain s'ize is not significantly affected by HIP in the 
nonstirred and rheocast ingots. The existence of y-y' eutectic 
islands at grain boundaries is mainly responsible for retarding 
gra i n coarsen i ng. 
4. Though grain size is not significantly affected by heat treatment, 
grain shape is: grains become more spherical follOwing heat 
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treatment. likewise, the morphology of secondary precipitated y' 
particles Is affected by heat treatment. It becomes more cubic 
subsequent to heat treatment, as expected. 
c. tJechantcal Propertjes 
C -, tJ j crohardness 
1. The mean microharonoss Increases from the center to the boundary 
of the dendrite arms and grains in the as-cast and heat treated 
conditIons. 
2. In the as-cast condition, the Ingot stirred at the high volume 
fraction sol id of 65% has the highest alloying content at the grain 
center, and thus exhibits the highest mean mlcrohardness compared 
to Ingots processed by rheocasting with lower volume fractions of 
solid, as well as Ingots processed by the other methods. 
3. The level of microhardness within the grains increases subsequent 
to thermal treatment. In the heat treated material, microhardness 
measurements within the grains indicate simtlar levels of hardness 
for the nonstirred (conventional casting) and rheocast materials. 
C-2 Tensile Properties 
I. Grain size is the predominant f'actor in determining the tensi Ie 
strength at 650·C (1200·F) in air. 
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3. 
All the rheocast Ingots are superior In yield strength to both VADER 
and nonst irred ingots, The nonst irred Ingot has t.he worst 
ultimate tensile strength among all the differently processed 
ingots. 
Increasing the stir-ring speed (I'om 325 to 450 rpm, Increasing t.he 
Isothermal stirring time or Increasing the volume fraction solid 
from 35'"' to 50'"' reduces the grain size and therefore Increases the 
level of strength, However, no signIficant difference In strength 
Is detected when st irrlng speed is changed from 450 to 560 rpm 
or volume fraction solid changes from 50'"' to 65'"', 
4, No significant differences in dUt::tillty were detected as a function 
of processing variables, processing techniques or grain size, The 
presence of microporosity in specimens after HIP and heat 
treatment, rather than the underlying microstructure, Is believed 
to control the level of ductility, 
5. All the rheocast ingots exhibit better yield strength and 
comparative ultimate tensile strength than the commer'cially cast 
IN-100 . 
C-3 Fatigue Crack Propagation (FCP) Behavior 
J. larger-grained specimens obtained from rheocast and VADER ingots 
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are more beneficial than the fine-~Ira;ne'd specimr:',:; obtained from 
P/M processing in terms of crack propagation resistance in the 
temperature range in which aircraft gas turbine engine disk rim 
opera(e. The fracture mode of Fep in the rheocast and VADER 
specimens is transgranular; in contrast, the P/M specimens show 
an intergranular and environmentally influenced fracture mode of 
FCP. 
2, No significant differences in FCP rate and fracture e)(ist between 
the two chosen rheocast ingots and the VADER ingot. 
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VII. SUGGESTIONS FOR FUTURE WORK 
In this study, the nickel-base superaJ loy IN-I 00 has been success-
fully rheocast and VADER processed under high-vacuum conditions. 
From the results of the stUdy, it is clear that an ingot of nondendritic 
fine grain size, reduced segregation and reduced shrinkage can be 
achieved via two novel solidification techniques, i.e., rheocasting and 
VADER. It appears that many ultrahigh-strength superalloys that 
cannot be conventionally processed using VIM-VAR techniques can now 
be rheocast or VADER processed. These two processes will give 
metallurgists alternat ives to powder metallurg}' for the manufacture 
of sophisticated high-strength turbine disk alloys. 
However, no attempt in this study was made to rheocast the 
nickel-base superalloy in the continuous rheocasting unit. In addition, 
even though the study included an investigation to further explain 
rheocast structures during isothermal stirring and after furnace 
COoling, a full understanding of rheocasting and VADER mechanisms has 
not been completed. Therefore, the fOllowing recommendations are 
made for future studies: 
I. Processing and structural characterizat ion 
(a). Research into the Possible use of rheocasting 
techniques on a continuous baSis to process nickel-base 
supera II oys. 
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(b). Investigate the effect of cooling rate during sol1dification 
on the resultant rheocast structure. 
(c). Quantitatively evaluate rheocast structures through 
optical or SEN image analyses, e.g., evaluate the Quantity, 
size and distribution of y-y' eutectic particles, the 
volume fraction of y' preCipitates in the matrix and the 
amount of the microporosity in each ingot. 
(d). Study the rht>ocasting mechanism through: 
(0 direct visual observation of the breakdown of .growing 
solids by use of transparent materials. 
\ ti) a design of in-situ Quench in the high.;.temperature and 
high-vacuum rheocast ing furnace. 
(liD a simple rheocast unit to rheocast low-temperature 
alloys, such as AI-base alloys. Samples can be picked 
up during st irring and then water quenched. 
(e). Using the Kossel C3mera in the SEM, evaluate the 
misorientation angles between grains in the specimens 
obtained from rheo)cast ingots. 
(0. Using directionally solidified ingots as initial electrodes 
in the VADER process, investigate the origin of nuclei 
formed in the liquid droplets. 
2. Postsol1dtflcation thermal treatment 
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(a). Investigate an optimlum HIP cycle for" rheocast and VADER 
processed IN-l 00 ingots. 
(b). Do TEM on volume fraction, size and distribution of y' 
precipitates in the matrix and along the grain boundaries 
of the ingot after thermal treatment. 
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TABLE II 
Summary of Bheocast Buns and tbe 
. ..,~.~-.--,.".. . .,.,..,·---.. ··r .. A~ ... ' 
~ , 
Corresponding processing Variables Maintained 
Volume Fraction Solid Stirring Speed 
Bun • fs.1 .)!, mm 
-6 (n('m-st i rred) 
-9 35 325 
-19 
-13 35 450 
-22 
-18 35 560 
-29 
-10 35 325 
-25 
50 325 
65 325 
*N = ingot without peddle left in it. 
*P = ingot with peddle left in it. 
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Isothermal 
St ~rring Time 
ls. miDY1g 
~ 
, 
, 
15 *N 
, 
15 N 
1 
I . 
15 N 
~l 
I 
45 N I 
" ~ ~, 
.~ 
15 *p 
15 p 
TABLE III Concentrotlon and Segregation Ratio of Non-SUrred Ingot 
It Cr 
i 
r K []11g I K [aUg I 
• Graln • 
..ko Cmid :i to tmid ~ 
1 2.72 3.80 1.40 10.60 11.45 1.08 
2 2.93 3.98 1.36 1'0.85 11.60 1.07 
3 2.84 3.92 1.38 10.80 11.63 1.08 
4 3.15 3.97 1.26 11.11 11.65 1.05 
5 2.98 3.98 1.34 10.94 11.60 1.06 4 , 
6 2.92 3.97 1.36 10.86 11.62 1.07 
7 3.03 4.00 1.32 11.04 11.70 1.06 
8 3.25 4.10 1.26 i 1.10 11.70 1.05 " ; 
9 2.75 3.84 1.40 10.58 11.50 1.09 ,j !ij 
10 3.35 4.08 1.22 11.21 11.82 1.05 
11 2.94 3.88 1.32 10.83 11.66 1.08 .: 
12 3.54 4.12 1.16 11.30 11.70 1.04 1 
13 2.81 3.82 1.36 10.72 11.60 1.08 I I 
14 3.60 4.09 1.14 11.40 11.75 1.03 1 15 2.79 3.88 1.39 10.50 11.50 1.10 
16 2.92 3.94 1.35 10.90 11.72 1.08 
~ ~ 
". 17 2.84 3.86 1.36 10.67 11.63 1.09 ,."., 
: 
,. 18 2.69 3.81 1.42 10.43 11.42 1.10 
19 3.74 4.11 1.10 11.45 11.80 1.03 
20 2.90 3.98 1.37 10.85 11.61 1.07 k.~ 
"I ! 
Mean and 3.03 3.96 1.31 10.91 11.63 1.07 ! 
, . 
Standard to.30 to. I I t.O.09 to.28 to. I 1 to.02 I , i I 
: f Deviation { ~ :' 
¥ , . 
Co = Concentration at the center of groin. 
" 
Cmid = ConcentroUon at the midpoint between gr01n center ond 
. ~ boundory d;, 
1 S = Segregation rotio, Cmid/Co' ~ " i , ' .' , l i1 ~ . 
;1 III '-If, ' . 
r 4 ~ , 
l ~; : ' l--TI~ lJ','·~- ,,-.,.- 1-' _'.""."'" _,.:. >t. "Y.-~'- ." ... ;~ ~ ~: - " ~ ~. ~1' ,,- -- t ' .. ........ ~'" ' :'. ~ '," II .. ;.If • ~--- -- - ---~---- - ------~---~-------- ... 
IAaLE I~ tgD~ID1[g11gD gD~ ~19[I9.Q1IgD Bg1ig gl Bblg"gl1lD9g1 {)!..: 
~2~ mm,.1s = ) 5 miDutll. fl = ~~Il 
It t[ 
-
~ rJl1ig I K rJl1jg I 
GAiD • ~ t m1d 5 ~ld S 
1 3.44 4.02 1.17 11.14 11.7B 1.06 
2 3.61 4.22 1.17 11.6B 11.92 1.02 
3 3.23 ~.90 1.21 10.B4 11.70 LOB 
4 3.02 3.94 1.30 10.B3 11.59 1.07 
5 3.19 3.91 1.23 10.74 11.59 LOB 
6 3.22 3.93 1.22 11.05 11.62 1.05 
7 3.60 3.93 1.09 11.33 11.BO 1.04 
B 3.3B 3.95 1.17 11.12 11.64 1.05 
9 3.16 3.B9 1.23 10.95 11.67 1.06 
10 3.63 4.01 1.10 11.43 11.75 1.03 
11 3.34 3.94 LIB 10.99 11.72 1.07 
12 3.24 3.97 1.23 11.01 11.65 1.06 
13 3.2B 3.93 1.20 11.05 11.57 1.05 
14 3.16 4.06 1.2B 10.B4 11.70 LOB 
15 3.34 3.9B 1.19 11.15 11.64 1.04 
16 3.25 3.99 1.23 10.94 11.61 1.06 
17 3.16 3.92 1.24 11.03 11.54 1.05 
lB 3.1B 3.94 1.24 10.97 11.66 1.06 
19 3.25 3.BB 1.19 10.99 11.7B 1.07 
20 3.27 3.99 1.22 11.10 11.67 1.05 
Mean and 3.29 3.97 1.20 11.06 11.68 1.06 
Standard to.15 to.19 :!:0.11 :1:0.22 to.l1 to.Ol 
Di~laUgD 
Co = Concentration at the center of graIn. 
Cmid = Concentret1on et the midpoint between groin center end 
boundery 
S = Segregation ratio, Cmid/Co' 
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IAflLE Y. ~QD~ID1[a! 1r,o a[l~ §lgrlgaliQD BaliQ g( Bb1Q~alllD9Ql 'x..: 
f2tiQ OIm,.!s = J f2 miDY11J., 11 = ~f211 
Ii c[ 
~ raUQ..I ~ raUQ I 
Gratn • ...to Cm1d 5 Co Cmid 5 
1 3.67 4.20 1.14 11.66 11.90 1.02 
2 3.25 3.90 1.20 10.93 11.65 1.06 
3 3.33 3.94 1.18 11.10 11.69 1.05 
4 3.19 3.89 1.22 10.87 11.34 1.06 
5 3.24 3.85 1.19 10.97 11.65 1.06 
6 3.21 3.97 1.24 11.04 11.69 1.06 
7 3.29 4.03 1.22 11.05 11.58 1.05 
8 3.25 3.68 1.19 10.97 11.65 1.06 
9 3.22 3.92 1.22 1 LIS 11.68 1.05 
10 3.15 3.87 1.23 10.97 11.53 1.05 
11 3.17 3.93 1.24 10.85 11.66 1.07 
12 3.31 4.05 1.22 11.09 11.73 1.06 
13 3.29 3.92 1.19 10.99 11.66 1.06 
14 3.35 3.99 1.23 11.13 11.66 1.05 
15 3.24 3.91 1.21 11.02 11.62 1.05 
16 3.60 4.12 1.14 11.50 11.65 1.03 
17 3.27 3.92 1.20 10.94 11.66 1.07 
18 3.17 3.99 1.26 11.00 11.70 1.06 
19 3.30 3.92 1.19 11.15 11.67 1.05 
20 3.27 4.00 1.22 11.09 11.64 1.05 
Mean and 3.29 3.97 1.20 11.07 11.67 1.05 
St8nd8rd to.13 to.09 to.03 to.20 to.09 to.Ol 
Dev18Uon 
Co = ConcentnlUon 8t the center of gr81n. 
Cmid = Concentret1on et the midpoint between grein center end 
boundery 
S = Segreget i on rat j 0, Cmi d/Co' 
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IABLE 'J.l CoocentcatiQo aod Segregatioo 8atio of 8beocast logot ':t..:: 
325 rgm, ts • 45 mioutes, fs • 358) 
Ii Cr 
K rltig I K rfJUg I 
Groin • 
-to Cm1d 5 Co Cm1d 5 
1 3.30 3.92 1.19 11.07 11.69 1.06 
2 3.29 3.93 1.19 11.05 11.55 1.05 
3 3.35 3.95 1.18 11.01 11.64 1.06 
4 3.34 3.99 1.19 11. 13 11.70 1.05 
5 3.98 4.53 1.14 11.65 11,89 1.02 
6 3.25 3.90 1.20 11.04 11.65 1.05 
7 3,27 3.91 1.19 11. 10 11.63 1.06 
8 3.22 3.90 1.21 11.01 11.59 1.05 
9 3.99 4.25 1.07 11.32 11.87 1.05 
10 3.36 4.02 1.19 11.09 11.70 1.05 
11 3.40 3.91 1.15 10.98 11.60 1.06 
12 3.35 4.02 1.20 11. 17 11.72 1.05 
13 3.34 3.99 1.19 11.09 11.59 1.05 
14 3.29 3.97 1.20 11.10 11.67 1.05 
15 3.38 4.00 1.18 11,07 11.62 1.05 
16 3.29 3.94 1.20 11.13 11.65 1.05 
17 3.27 3.93 1.20 10.99 11.59 1.05 
18 3.36 3.93 1.17 11.03 11.61 1.05 
19 3.85 4.22 1.10 11.49 11.93 1.04 
20 3.34 3.95 1.18 11.00 11.65 1.06 
Mean and 3.41 4.01 1.18 11.13 11.68 1.05 
Standard :!:0.23 :!:0.14 :!:0.O4 :!:O.17 :!:0.10 to.01 
[le~latl!lo 
Co = Concentrat Ion at the center of grain, 
Cmid = Concentration at the midpoint between grain center and 
boundary 
S = Segregation ratiO, Cmid/Co' 
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!ABLE ~II Cec~ectcatiec acd Segregatien Batie e[ 8bee~ast Icget (x 
!..J25 (pm, 1s • 15 minutes, [s • 658) 
It Cr 
~ [§1ig I ~ [§1ig I 
Gr:§tn II 
-.to Cm1d 5 Cu----tm1d 5 
1 3.47 4.01 1.16 11.23 11.60 1.03 
2 3.63 4.03 1. I 1 11.36 11.69 1.03 
3 3.55 4.09 1.15 11.27 , 1.64 1.03 
4 3.51 4.04 1.15 11.29 11.52 1.02 
5 3.48 3.99 1.15 11.35 11.63 1.03 
6 3.40 3.95 1.16 11.27 11.70 1.04 
7 3.54 4.12 1.16 11.31 11.64 1.03 
8 3.61 4.04 1.12 11.32 11.67 1.03 
9 3.79 4.08 1.08 11.32 11.66 1.03 
10 3.50 4.03 1.15 11.21 11.62 1.04 
11 3.56 4.13 1.20 11.23 11.63 1.04 
12 3.47 4.02 1.16 11.21 11.57 1.03 
13 3.50 4.02 1.15 11.37 11.72 1.03 
14 3.52 4.11 1.17 11.34 11.59 1.02 
15 3.55 4.07 1.15 11.29 11.60 1.03 
16 3.67 4.09 I. 11 11.37 11.67 1.03 
17 3.58 4.07 1.14 11.26 11.65 1.03 
16 3.54 4.04 1.14 11.23 11.63 1.04 
19 3.48 4.10 1.18 11.23 11.70 1.04 
20 3.50 3.98 1.14 11.38 11.59 1.02 
• 
Mean and 3.54 4.05 1.15 11.:29 11.63 1.03 
Standard to.09 to.05 to.03 to.02 to.05 to.OI 
Ce~latleo 
Co = Concentrat1on at the center of gra1n. 
Cmid • Concentration at the midpoint between grain center and 
boundary 
S = Segregation ratio, Cmid/Co. 
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TABLE VIII 
tiomioal Compositjon of Rheocast IN-I 00 
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TABLE IX Effect of Stirring Speed on Resultant RheQcast structure 
Processing Primary Solid y-y' Eutectic 
Variables Particles Segreg"tjons Gr~lns Phase 
Y ts fs Size Spherl- Macro Micro Size Spheri- Size Amount Uniformity 
city city of Distri-
--
t = Increase 
l = Decrease 
-
bution 
-
117 
a.~ __ '4 ___ '''l-_______ ' '_.".. .'''''_A'_;_'' .. ___ ~.~: __ :i_ .. , ___ ,_..;~.fl,' ~2 __ ------ _. 
....... ..._--
I." 
:J 
'", 
~ 
I 
! 
I 
t 
I 
\ 
I 
--~--~ '1""'1"----.. ___ F "'Sf ........ ' .. '
TABLE X Ef(e.tt of Iso~ilftrmal Stirring Time 00 Resultant Rbeocast structure 
---------------------------------------,---------------Processing Primary Solid 
..:..V""ar,..1 a .. bu.1 &,leslI--.:.P ... a:a.,;cta,&,i c¥,.lIUl,e .... s --....;S .. t~g,.a..:rel4g ... a~ttl.¥o.l.l.lns-----Jl(ju..i\.llLla iwo .. § _~)! ..... :.¥.:. Eu t ec tic Phase _ 
Y ts fs Size Spheri- Macro Micro 
city 
t 
, 
-
:: Increase 
:: Decrease 
Size Spherl- Size Amount Ui,jformity 
city of Distri-
bution 
-
:: Expected due to low level of microsegregatlon 
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TABLE XL Effect of Volume Fraction Solid on Resultant Rbeocast Structure 
Processing Primary Solid 
varjables particles Segregations Graios y.,:y' Eutectic Phase 
Y ts fs Size Spherl- Macro Micro Size Spherl- Size Amount Uniformity 
city city of Distrl-
butioo 
.. 
-- - -
• 
t'" Increase 
• = Decrease 
* = Expected due to low level of microsegregation 
'. 
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TABLE XII ConcentratIon and Segregatjon Ratjo of VADER Ingot 
Ti Cr 
~ []1ig I K []1ig I 
GrOiD • ...co Cmld 5 Co ~"id 5 
1 2.95 3.98 1.35 10.86 11.42 1.05 
2 3.10 4.01 1.29 10.75 11.60 1.08 
3 3.03 3.99 1.32 10.85 11.65 1.07 ~ 
4 2.98 3.88 1.30 10.93 11.80 1.08 
, 
5 ~.85 3.93 1.38 10.85 11.57 1.07 
6 3.01 4.21 1.40 11.00 11.75 1.07 
7 2.89 3.95 1.37 10.87 11.63 1.07 \" 
8 2.90 3.97 1.37 10.93 11.69 1.07 ~ II 
9 3.43 4.35 1.27 11.21 11.86 1.06 
10 2.84 3.89 1.37 10.72 11.75 1.10 1 1 1 3.01 3.95 1.31 10.82 11.60 1.07 I 
" 
12 3.35 4.03 1.20 11.07 1 i .61 1.05 I 13 3.00 4.10 1.37 10.93 11.65 1.07 
14 2.87 3.88 1.35 10.95 11.73 1.07 
15 2.89 3.88 1.35 11.00 11.69 1.06 
16 3.03 4.01 1.33 10.84 11.62 1.07 
17 2.94 4.10 1.39 10.79 11.65 1.08 
18 2.89 3.95 1.37 10.83 11.73 1.08 ;iQ , ,~ 
" 
... 19 3.10 4.20 1.35 11.09 11.80 1.06 ~ 
20 2.80 3.85 1.37 10.70 11.47 1.07 I ! 
'. 
, 
" 
r 
t, 
Mean and 2.99 4.01 1.34 10.90 11.67 1.07 I 
Standard :to.05 :to. 13 :to. 05 :to.13 :2:0.11 to.01 I 
CalliatiQc j ,. 
i ; ~ Co = Concentrat ion at the center of grain. 
,J 
.~ Cmid = Concentration at the midpoint between grain center and i1, , 
boundary 
S • Segregation ratio, Cmid/Co' 
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TABLE XIII 
~QITljnaJ Compositions of Rheocast and VADER IN-! 00 
\ After HI p and Heat Treated 
.' 
i { " I 
, Rheocast VADER 
.". 
" 
xd.! wi! 
'. , 
Ni 55.37 Ni 55.25 '. 
r 
Co 18.95 Co 18.74 
'J Cr 11.95 Cr 12.37 \ ~ 
1 
~ AI 5.04 AI 4.93 I- Ti 4.77 Ti 4.49 f fr I H: Mo 3.03 Mo 3.16 ~. V 0.77 V 0.65 !, ~ Fe 0.15 Fe 0.12 
I 
H 
l: :J, Ta 0.10 Ta 0.10 
.1 
f ~ 
:- W 0.10 W 0.10 . , , C 0.06 C 0.07 
Oi( • ..:.! , Si 0.06 Si 0.05 , 1 Cb 0.05 Cb 0.05 I . i Zr 0.05 Zr 0.05 ! l B 0.016 B 0.019 I " 
f 
Mn 0.01 Mn 0.01 i Cu 0.01 Cu 0.01 t , 
0 0.005 0 0.005 , 
N 0.001 N 0.001 
I I ) 
i 
j 
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TABLE XIV 
Miccohardness at the Grain Center and Near Grain 
Boundary in As Cast Condition, ~ 
Ceo tee Bcuoaary 
Mean & Mean & 
St~nd.~rd Standard 
Sample' Baoge Deviatico Range Deviatico 
Non-stirred 318-380 350 t 20 385-420 394 t 7 ~ t , 
I 
2 VADER 326-378 354t 7 3/8-4i5 396 t 5 
~ 
3 -19 330-377 354 t 13 378-417 395 ± 7 ~ r , 
4 '29 335-380 355 t 7 379-417 394 ± 5 
5 '10 343-384 358 t 9 378-420 396 t 7 
6 '26 330-373 365 t 7 384-420 393 t 7 
~ 
. i 
,: , t 
~,~ 
-:t) 
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TABLE XV 
Microhardness at the Grain Center and Near Grain 
Boundary After Heat Treatment, VHN 
Center Boundary 
Mean & Mean & 
Standard Standard ~ 
, 
Sample - Range Deviation Range Deviation 
Non-stirred 4~~0-438 429:!: 6 453-470 458 ± 5 
2 VADER 430-445 44O:!: 5 439-455 446:!: 4 
;t 
3 -19 420'·435 428:!: 5 454-468 460:!: 5 
, 
I 
4 -29 424-438 430:!: 5 453-467 460:!: 3 I 
5 -10 423-437 431 :!: 6 452-468 459:!: 5 
6 -26 425-438 430:!: 6 453-468 459:!: 5 .. 
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TABLE XVI. Experimental Results Showing Tensile Properties of IN-IOO 
'" 
UI t irroa te Volume I sotherma 1 Yield Strength Tensile Strength Fraction Stirring Stirring , Sample Sol id Speed Time Average Average Average Average Elongation I (s,1 i. RPM t s ,mln. Ksi Ksi MPa Ksi Ksi HPa I COtIITlerclal 
129 890 161 1110 6 
Cast 
Non-
122 126 869 124 127 874 2-2.S 
St 1 rred 
128 130 
VADER 128 129 890 IS3 154 1062 4 130 155 
119 35 325 15 136 137 944 143 144 993 2-2.5 138 145 
122 35 450 15 147 146 1010 155 155 1069 3 146 155 
-----
129 35 560 15 147 147 1014 ISS 155 iD69 2-3 147 ISS 
---
lID 35 325 45 146 146 1007 153 153 1055 2-3 
120 50 325 IS 144 144 993 151 151 1041 2-3 
126 65 325 15 144 145 1000 151 151 1041 2-3 146 lSI 
j 
, 
I 
J 
I 
i 
'1 
1 
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DESIGN & BUILD A 
RHEOCASTER FOR SUPERALLOYS 
PREPARE PREPARE OBTAIN 
VADER ~NGOTS *'* VIR INGOTS RHEOCAST INGOTS 
•• 
[HOTisOSTATIC PRESSING (HIP) 
( IS teSI. "80°C. J HOURS) 
SOLUTIONIZING] 
( I 121°C. 2 HOURS. OIL QUENCH) 
iAGLGi 
( 
670°C. 40 MINS., AIR COOL) 
649°C. 24 HOURS. AIR COOL 
760 <>C. 4 HOURS. AIR COOL 
MECHANICAL TESTING 
, "ICROHARONESS 
, HNSILE 
'lO,"" CVCLE FATIGUE 
VIR: Vacuum Induction Remelting (non-stirred) 
Ftgure 1. A schemattc of the overal1 program. 
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Figure 2. Relation between particle diameter of V· and hard-
ness for a nickel-base alloy with 221 Cr, 2.8X n. 
3.116 AI. (42). 
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• CONVi:NTIONAl c.1STING 
• RH£OCASTING 
1 T 
I 
... , 
a: 
:l 
~ 
c 
a: 
... 
0.. 
:l 
.. 
~ 
S 
x 
G:MPCSITION _ 
Figure 4. Phase diagram showing conventiona1 casttng at T 1 and 
rheocast tng at T 2' 
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Figure 5, Schematic model of the grain boundary fragmentation 
mechanism, ( 63). 
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Ftgure 6. Schematlc dlJJgram of rheocastlng apparatus. 
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Figure 7. Details of the crucible a~sembly in rheocasting 
furnace. 
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Ft~e 8. Photograph of the total assembly in rheocasttng 
furnace. 
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Ftgure 9. 
Top View 
OIJGrNA L PAGE IS 
aP. POOH QUAUrY 
Front View 
/ 
Crucible 
L 2f"- J I ( 7.JOcm) -I 
Photogr6ph 6nd schemettc of the cructble and peddle. 
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Figure 10. TherrniJI prviile during solidification for thermo-
couple's at different Jocattons. 
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T is temperature 
~ is liquidus temperature 
is temperature at ..mich sample \.las rheocasted 
is solidus temperature 
t is time 
is time of stirring (isothermal) 
r is applied shear rate, and Sh0\.l9 start of rheoc~st1ng 
Figure 11. Graphical presentation of the process approach and 
the varjab les. 
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Figure 12. On-heating OTA thermogram of the as-received 
IN-\ 00 alloy. 
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Ftgur~ 13. Measured volume fraction soUd versus temperature 
for IN-IOO. 
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Ftgure 14. Schematic dlagrams Hlustrating the sectjontng mode 
of the meocast IN-I 00 tngot: (a) wjthout paddle; 
(b) with paddle. 
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• Sections I, 2, ~ and 6 are sectioned and used foe cheolc41 analys1s. 
• Sectlon ) is oacroetched for structural analysl, wlthout HIPing. 
Section 4 is HIPed and subsequently macroetchcd . 
•. Sectlons 7 and 8 are HIPed and subsequently evaluated for crack propa-
g.1t10n rate. 
• Sect10ns 9 and 10 are sectloned co about 4-5- lonR by 1-1.5- th1ck 
epecloens for Electron Beam ~elt1ng ta a,ses~ the level and the nature 
ot the non-~etaillc, present in the ingot. 
Figure 15. Schematic dtagram inustrating the secttoning mode 
of the V ADER I N-l 00 ingot. 
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Ftgure 16. Specimen location for tensile properties and crack 
propagat ion studies: rheocast ingot 
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Figure i 7. Schematic dtagram of the tensile test specimen. 
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Ftgure 18. CT specimen for crack propagation studies. 
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Figure 19. Design of mo(Hfted CT specimen. 
'. - ' v, "NiIP*'*' -::- ~ -- r .. . --· 
NON- STIRRED 
a 
Figure 20. Photograph of non-stirred ingot: (a) macrostructure; 
(b) microstructures at locat ions A, Band C 
indicated in (a). 
144 
"_e ,.. . ,....! .• 
,-,. , 
b 
F tgure 21. Representat ive mlcrographs of phases located at 
(a) interdendrttic, (b) gratn boundary tn the non-
st trred tngot. 
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Ftgure 22. Representative SEN micrographs of secondary y' 
preCipitates in the non- st 1rred ingot. (a) at the 
center of the dendr1te arm; (b) near the inter-
dendritic region. 
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Ftgure 23. Ti and Cr concentration profiles in the dendrite 
arm of non-st trTed ingot. 
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Figure 24. Photographs of rheocast ingot st 1rred at y = 325 
rpm, ts • 15 minutes and fs ,. 35%. (a) macro-
structure; (b) microstructures at locations 
A, Band C indicated in (a). 
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Figure 25. Mtcrostructure 1n region C of Figure 24 (b) at a 
high magnification. 
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Figure 26. Photogra~hs of rheocast ingot stirred at y • 450 
rpm, ts • IS minutes and fs = 35". (a) macro-
stnlcture; (b) microstructures at locations 
A, Band C Indicated In (a). 
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Figure 27. Photographs of rheocast ingot stirred at y • 560 
rpm. ts C 15 m1nutes and fs = 35X. (a) macro-
structures; (b) microstructures at locations 
A. Band C tndtcated in (a). 
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Figure 28. Ti and Cr concentration profifes as a function of 
processing variables in rheocast microstructures. 
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Figure 29. Photographs of rheocast Ingot stirred at y. 325 
rpm, ts • 45 minutes and fs = 35". (a) macro-
II r 
structure; (b) microstructures at locations A and 
B indicated in (a). 
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Figure 30, Photographs of rheocast ingot st irred at y • 325 
rpm, ts • IS minutes and fs • 50", (a) maCiO-
- I 
strucutre; (b) microstructures at locatfons A and 
B indicated in (a), 
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Figure 31. Photogr-aphs of rheocast ingot stirred at y :a 325 
rpm, ts • 15 minutes Cind fs = 65", (a) macro-
structure; (b) microstructures at locations A and 
B indicated in (a), 
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Ftgure 32. Representattve opttca1 mtcrograph ~f an agglomerate 
at htgh magntftcatton. 
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Figure 33. T1 concentration profl1e across gratn boundaries 
-1, -2, -3 and -4 indicated In Figure 32. 
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Figure 34. Representative microstructure of rheocast ingots. 
E: T i enriched; NE: not Tt enriched. 
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Figure 35. Representat ive SEN micrograph of the secondary 
precipitated y' at the grain center. 
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Ftgure 36. SEM micrographs of ~in boundaries located at 
(a) l, (b) M and (c) N tn Figure 34. 
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Figure 37. Macrostructure of VADER pr\)ceSSeclIN-l00. 
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Figure 38. Representative microstructure of VADER processed 
IN- IOO. 
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Figure 39. Represetnative SEN micrographs of secondary pre-
cipitated y' in the VADER ingot, (a) at the grain 
center; (b) near the grain boundary. 
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Figure 40. Ti and Ci" concentration profiles in the gratn of the 
VADER ingot. 
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Figure 41. Representative SEN micrograph of (a) grain boundary 
phases and (b) y-y' networt< tn the y-y' eutectic 
Island In all the as-cast Ingots. 
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Figure 42. Representative microstructure of the rtleocast Ingot 
(stirred at y .. 325 rpm, ts .. 1 5 minu~es and fs • 35") 
after HIP. 
a b 
Figure 43. (a) Mlcrostrucutre, (b) pore region of the rheocast 
ingot (stirred at y - 560 rpm, ts • 15 minutes and 
fs" 35") after HIP. 
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Figure 44. Representative microstructure of the VADER ingot 
after HIP. 
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Figure 45. Representative microstructure of the non-stirred 
ingot after HIP and hea~ treating. 
168 
t;i\'i \:J .. 
t 
I 
I 
f 
. 
! 
• 
~ . 
• 
ORtQINAL' PAGE; IS 
01 POoR QUAL.IIY. 
Figure 46. Representative mlcrostructure of the rheocast 
tngot (sttrred at y = 325 rpm, ts = 15 mlnutes and 
fs .. 35X) after HI P and heat treat tng. 
Ftgure 47. Represetnattve m1crostructure of the rheocast 
lngot (stlrred at y = 560 rpm, ts = 15 minutes and 
f5 • 35") after HI P and heat treat lng. 
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Ftg\re 413. Representat1ve microstructure of the rheocast 
1ngot (stirred at V • 325 rpm, ts • 45 minutes and 
fs • 35X) after HI P and heat treat ing. 
Ftgure 49. Representative microstructure of the rheocast 
ingot (stirred at V .. 325 rpm, ts .. IS mic1utes and 
fs = 65X) after HIP and heat treating. 
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Ftgure SO. Representative microstructure of the VADER ingot 
after HIP and heat treating. 
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Figure 51. Representative SEM micrograph of the secondary 
prec1pttated y' at the grain center after HIP and 
heat treating. 
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Ftgure 52, Representative SEN micrograph of the secondary 
prectpitated y' near the grain boundaries of 
(a) non-stirred or rheocast ingots, (b) VADER ingot 
after HI P and heat treat tng. 
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Ftgure 53. Tensile properties versus stfrrlng speed at 650·C in 
air - at a constant tsothermal stirring time (15 
minutes) and volume fraction soUd (35X). 
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Flgure 55. Tensile properties versus volume fractlon solid at 
650·C 1n air - at a constant stirring speed (325 
rpm) and isothermal sttrring time (15 Minutes). 
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processing technique at 650·C tn air. 
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Figure 57. Fatigue crack propagat10n rate as a function of AK 
at 650· C 1n air for rheocast ingot (stlrred at y = 
560 rpm, ts = 15 minutes and fs = 35~) after HI P 
and heat treat jng. Dup I icate specimens. 
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Figure 58. Fatigue crack propagation rate as a function of AK 
at 650°C in air for rheocast ingot (stirred at y = 
325 rpm, ts - 15 minutes and fs • 65") after HI P 
and heat treatIng. Dupltc.ate . specImens. 
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Figure 59. Fatigue crack propagat1on rate as a function of 6K 
at 650·C tn air for VADER Ingot after HIP and heat 
treat tng. Dup 1 tcate spec tmens. 
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Figure 60. Fatigue crack propagatton rate for two rheocast 
Ingots at atr In 650·C. 
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Figure 61. Fatt::;;Je crack propagation rate for various 
processing techniques at air in 650°C. 
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Ftgln 62. The macroscoptc fracture appearance o,f t~e CT 
spectmens. (a) P/M; (b) rheocast; (c) VADER process. 
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Ftgure 63. The fracture surface of the CT specimens. (a) PIN; 
(b) rheocast; (c) VADER process. 
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F1gure 64. Opt1cal micrograph of the stable crack growth for 
the PIN; crack ts propagated from left to r1ght.(99) 
F1gure 65. Representative <)8'" ;.llcl'ograph of the stable crack 
growth for the PIN. Crack 1s propagated from top 
to bottom. 
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Ftgure 66. Optical micrograph of the stable crack qrowth for 
the meocasttng; crack is propaglted from left to 
right. 
Figure 67. Representative SEN micrograph of the stable crack 
growth for the meocasting; crack is propagated from 
top to bottom. 
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Figure 68. Optical micrograph of the stable crack growth for 
the VADER; crack is propagated from left to right 
Flgu-e 69. Representative SEN mlcrograph of the stable t;~~ck 
growth for the VADER; crack ls propagated rl'om top 
to bottom. 
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Ftgure 70. Crack propagation route tn the regton tndtcated tn 
Figure 66 at high magnification. 
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FIgw-e 71. Representative mtcrostructure'of the reheated non-
stirred IN- I 00 sample. 5 minutes of Isothennal 
holding at T fs • JSI during reheating. 
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F 19'" 72. Representat lve m lcrostructure of the reheated non-
stirred IN-I 00 sample. 20 mtnutes of lscthermal 
holding at T fs • JSI durt!lQ reheattng. 
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Figure 73. Representat ive m Icrostrudure of reheated rheocast 
IN-IOO sample from Ingot which were stirred at 
y. 325 rpm, ts a 15 nalnutes and fs • 351. 
Figure 74. Representative microstructure of reheated meocast 
iN-l00 sample from Ingots which were stirred at 
y • 560 rpm, ts • 15 minutes and fs • 35". 
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Figure 75. Representatjve mjcrostructure of reheated meocast 
IN-lOa sample from ingot whjch were stjrred at 
V • 325 rpm, ts • 4S mjnutes and fs • 351. 
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Fjgure 76. Representatjve microstructure of reheated rileocast 
IN-laO sample from Ingot which were stirred at 
V • 325 rpm, ts • IS minutes and fs • 65X. 
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Figure 77. Assumed fluid flow pattern induced by Hfttng the 
paddle after terminating stin"tng. 
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Figure 78. Tt and Cr concentration prof tIes of the dendrite ann 
in the V shaped region of the ingot from V III 325 rpm, 
t5 III 15 minutesand fs I: 351. (dashed Hnes are 
concentration profiles in other locatjons of the ingot 
as shown In F1gure 28), 
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Figure 79. RepresentaUve microstructure of reheated VADER 
IN-l00 sample. 5 mtnutes of isothermal t.oldtng at 
T f s • 651 durtng reheat tng. 
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Figure 80. Ti and Cr concl:tntration profiles of the ingot. from 
y • 560 rpm, ts • 15 minutes and fs • 35" after HIP 
and heat treating (dashed tnes are concentratton 
profl1es of as-cast ingot as shown In Figure 28). 
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Figure 81. Representative microstructures after 3 hours of 
Isothermal holding at temperature t t 80·C (2160·F). 
(a) non-stirred; (b) rheocast; (c) VADER specimens. 
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Figure 62. Representative microstructures after J hours of 
Isothermal holding at temperature 1200·C (2190·F). 
(a) non-stirred; (b) meocast; (c) VADER spectmens. 
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Figure 83. Representative SEN micrograph showing the size 
distribution of secondary precipitated y' particles 
-
in the semi-grain or dendritic arm after homogeniza-
t ion experiment at I 180·C (2160°F). 
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Ftgure 84. Representative SEN micrograph of the secondary 
precipitated y', (a) at the grain center; (b) near the 
boundary in Figure 83 at a higher magnification. 
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APPENDIX A 
PROCESS DEVELOPMENTS IN NICKEL-BASE SUPERALLOY5 
A-I. Melting and Refining Technologies 
The current and future melting and refining technologies that are 
used to process nickel-base superal10ys are listed below: 
• Air induction/arc melting - AIM/ AlA (9) 
• Vacuum induction melting - VIM (9) 
• Vacuum arc remelting - VAR (9) 
• Electroslag remelting - ESR (to, 11) 
• Plasma melting (9) 
• Electron-beam melting - EBM (12) 
• (Vacuum) investment casting (9,' 3) 
• Vacuum arc double electrode remelting - VADER (4,5) 
Basically, the ideal casting process should provide a clean and 
consistent end product with a low gas content, inclusions and 
impurities In addition, a high level of reliability and productivity with 
a low operati'J cost is desired (12). This is a tall order and difficult 
to achieve by a single melting/refining/casting process. The commer-
cial producers have thus been forced to -marry" several processes to 
take advantage of and combine the best features of the individual 
respective processes (12). In fact, double VAR technique is an 
acceptable processing method to sat Isfy the stringent impurity 
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The vast majority of the commercially produced castings (through 
melting and refining techniques) exhibit a dendritic structure. Control 
of the cast structure is the underlying objective in superalloy manu-
facturing processes, Most nickel-base superalloys contain a large 
amount of various alloying elements; therefore they freeze over a wide 
freezing range (Jiquid/solid- mushy zone). The excessive tendency of 
these alloys to segregate as well as the extent. of hot-tearing which 
results during the· journey" through the mushy zone, coupled with the 
microsegregation which evolves during dendritic gro'Nth results in a 
cast structure full of inhomogeneities which makes subsequent forging 
and grain size control most difficult. Therefore, the amount of time 
spent ,n the mushy zone C..the local solidification time), as well as the 
width of the mushy zone are two important parameters which need to 
be addressed to control the resultant cast structure (14). 
A-2, Directional Solidification (15) 
Direct ional solidification is the process where heat is extracted 
in only one direction which permits the production of castings with 
grains aligned in the direction of the maximum stress with no grain 
boundaries normal to this direction. Overall segregation, porosity, 
carbides and grain boundary precipitates are reduced through 
directional solidification processing. However, the grains may diverge 
from the truly axial (Jirect ion giving rise to grain boundary components 
which may be oriented normal to the applied stress direction. 
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A-3. Single Crystal Processing (15,16) 
Single crystal processing produces castings consisting of only 
one crystal and results in complete absence of grain boundaries. This 
process eliminates the use of certain elements such as C, 5, Zr and Hf 
which are necessary elements in conventional castings (polycrystalline 
cast ingl3) because they provide grain boundarY' strengthening. The 
benefit of reducing the levels of C, 5, Zr, and Hf is that the solidus 
temperature of the casting is increased permitting high temperature' 
solution treatments which leads to reduced levels of chemical 
segregation and uniform distribution of y' particles. The allowable 
operating temperature of single crystal processed castings is higher 
than those which have been processed otherwise. 
A-4. Rapid Solidiflcation Technologies (RST) - ~Microcasting" 
While segregation occuring during sol1dification cannot be 
avoided, its adverse effects can be at least partially eliminated by 
employing rapid sol1dification techniques. The local sol1diflcation 
time in RST is extremely small giving rise to cooling rates of 105-108 
·C/s; the segregate spacing and the dendrite arm spacing in the 
resulting castings are thus significantly reduced. In RST processed 
castings segregation occurs over a distance on the order of a few tens 
of microns or less, and thus subsequent homogenization is Quite rapid . 
Other advantages with RST when compared to convent lonal cast ing 
techniques are refined grain size, 'increased solid solubllity and the 
elimination of certain segregate phases (17-18). 
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Nickel-base superalloys have been processed by the "ollowing RST 
techniques: 
• Powder metallurgy ( 19) 
• Melt spinning (20) 
• Splat Quenching (21) 
• I.aser glazing (22) 
A-S. Mechanical Alloying to Produce O)(ide Dispersion 
Strengthened (ODS) AHoys (23) 
n\e mechanical alloying process to produce o)(ide dispersion 
strengthened nickel base superalloys is essentially a dry, high energy 
ball milling process in which the particles of elemental or prealloyed 
powder are continually being welded and broken untll a homogeneous 
mi)(ture of the const1tuent powder particles and dispersoids is 
achieved. Subsequently the ODS powders are consolidated and 
thermomechanical1y processed to produce the desired component. 
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APPENDIX B 
General Microstructure and Strengthening Mechanisms in Nickel-Base 
SuoeraJJoys 
B-1, General Microstructure 
In general, the n'jckel-base superalloys can be characterized by 
the following features ('7): 
B-l.1 AHoy Matrix 
The continuous matri)( is a FCC nickel-rich austentt!c phase, 
which usuany contains a high percentage of solid solution elements 
such as Co, Cr, Mo, W, F~ and V. 
B-l.2 Gamma Prime 
AI and Ti are added in amounts and mutual proportions to 
preCipitate a high volume fraction of FCC (A3B) type y'. The 
compatibility of the y' crystal structure (U 2) and lattice constant 
with y allows homogeneous nucleation of a precipitate with low 
surface energy and extraordinary long-t Ime stabi I i tV. 
Typically, in a nickel-base superalloy, y' is (Ni.Co)3 (AI,Ti) with Ni 
and Al dominating. However, the volume fraction of y' depends not only 
212 
--
! " 
~ k j II ... 
( 
1 , 
I 
~ 
! 1 
" 
.1 
. ! 
I ,. 
on the ~!1 and Ti content, but also on the amounts of Ni, Ta, Wand Mo In 
the atl0Y, since these elements eJre known to partitlon to y' phase (25); 
y' can trar.sform to the Ni3(Nb,Ta', when the Nb or Ta contents are 
sufficient Iy high. 
The y' phase precipitates out having a spherical morphology and 
SUbsequently this evolves to a cuboidal morphology (26), Recently, 
Ricks et al. (27) have investigated the growth of y' precipitates In 
nickel-base superalloys, They concluded that the morphological 
development of y' particles Is In the following sequence: spheres-
cuboids - cuboidal arrays (I.e, faceted dendritic or arrowhead particles) 
- dendrites (true dendrttes) and that growth is most likely diffusion 
controlled. The onset of the cuboidal morphology is related to the 
magnitude of the lattice misfit of y'/y, and the volume fraction of y' 
particles (27), However, the wavelength of the true dendritic 
perturbations in the final stage of the morphological sequence is not a 
function of the lattice mismatch but appears to be dominated by the 
solute profile at the growing y' particles (27), 
The formation of unusual solid state dendrites has been considered 
by Sherman (28) using the stability theory which was initially propo!,ed 
by Mullins and Sekerka (29) in a spherical crystal growing from 
supersatur-ated vapor, Furthermore .. Vogel (30) pOinted out that solid 
impingement of the diffusion fields Is also one str.tblliz'lOg effect in 
addition to Sherman's consioeration, Doherty (31) has takp.n the above 
a step further and has recently concluded that solid state dendrites 
may pnly be expected to form if the following conditions are met: (0 
isotropic interface energy between the phases; (ii) low diHusivity 
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within the precipitate; (itO low lattice mismatch between the two 
phases, and (tv) precipitates are widely spaced. 
The y' particle distribution and morphology 1n the cast structure is 
affected by the mode of microsegregation. Piearcey et a1. (32) hav~ 
observed the morphological transformation'!; of y' in directional 
solidified nickel-base superal1oy. No significant differences in size, 
shape or volume fraction of precipitate is observed in similar sections 
taken from both the top and bottom parts of the ingot. On the other 
hand, a gradient in the size of the y' preCipitates was observed within 
the dendritic structure: a fine dispersion of y' precipitates existed at 
the core of the dendrltes (1n both the top and bottom sections of the 
ingot), wnereas the y' precipitates at the outer periphery of the 
dendri tes were much coarser. 
6-1.3 Carbides 
Carbon is added to levels of about 0.05 - O.2~ and with the 
reactive and refractory elements present to form carbides. The 
common classes of carbides In nickel-base superalloys are MC, M23C6' 
Cr7C3 and M6C (7). 
The Me carbides, e.g. TiC. VC and (Ti,Mo)C, are beheved to evolve in 
the mushy zone. Precipitation takes place immediately following 
formation of the primary dendrites (33). The MC carbides are FCC and 
usually exhibit coarse and discrete cubic or script morphology ( 1). The 
MC particles are heterogeneously distributed throughout the matrix, 
both at the intergranular and traJ)sgranular locations and often 
jnterdendri t i ca lly. 
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Cr7C3 carbides have been found as Irregular blocky particles In 
simple aHoys with low Cr content and low reacUve and refractory 
element content. They are not usually st.ablein nickel-base 
superalloys. Addition of Co, Mo, W or Cb prevents the formation of the 
Cr7C3 carbide (34). 
M23C6 carbides, e.g., O~21 (Mo, W)2C6' are profuse in alloys with 
moderate to high Cr content. They form during low-temperature heat 
treatment and service, that is 760·C - 980·C ( 1400 - 1800·F), both 
from degeneration of Me carbides and from soluble carbon residual in 
the ailoy mat.rix. The M23C6 carbides are present not only at grain 
boundaries but also occasionally along twin lines and stack ing faults. 
M23C6 carbides have a comple)( cubic structure. M23 C6 can be avoided 
by heat treatment and chemistry control. 
M6C carbides form at sl ightly higher temperatures such as 
815-9fjQ·C (1500-1800·F), than M23C6. They usually precipitate when 
the refracto(~~1 metal content in the alloy is high. Typical formulas for 
M6C are (NI,Co)3M03C and (Nl,Co)2W4C, Since M6C carbtdes are stable 
at higher temperatures than M23C6 carbides, M6C Is more beneftctal as 
a grain boundary preCipitate to control the graln size. 
8-1.4 Borides 
Boron is generally present to the e)(tent of 50-500 ppm in 
superalloys and is an essential ingredient. Boron reacts to form boride, 
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I.e. M3B2. Borides are hard, refractory particles observed only at grain 
boundaries. The shape of borides varies from blocky to half-moon 
shape. They orten will ~ppear to grow from a grain boundary into an 
adjacent grain. 
6-1.5 TCP (Topologically Closed Packed) Type Phases 
The TCP phases commonly found in nickel-base supe,"alloys 
are 13, ~ and Laues. These phases may appear as thin plates and are 
orten found near grain boundaries where elements critical to the 
formation of TCP, such as Cr and Mo, are high (35). 
6-1.6 Grain Boundary y' 
An example of this is the y-y' eutectic which forms 
preferent tally at grain boundaries and in the interdendritic areas (33). 
These y-y' islands are affected by one or more of the followin~ factors 
during freezing: local changes in composition arising from segregation; 
the presence of nuclei in the liquid upon which these phases can 
nucleate (36). y' also forms upon reaction of y with the metal carbides 
at the ~rdin boundaries. This reaction is maintained by substitution~l 
solutes, such as Cr, diffusing to tile grain boundary. 
B-2 Strengthening Mechanisms in Nickel-Base Superalloys 
Nickel base superalloys are characterized by the basic structure 
of y matrix and precipitation hardened by y', Ni3(Al,Ti). Moreover, the 
alloys are further hardened by variation of relative amounts of AI and 
Ti, or by some optimum additions of such elements as Co, Fe, Mo, W, B, 
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Zr and C. The strengthening mechanisms of nickel base superalloys 
,1ave been discussed and reviewed in several publications (37-42). The 
hardening is beHeved to be mainly influenced by the relative 
contribution of the following two features which are further discussed 
below: 
(a) solid solution harden1ng of the matrix Y 
(b) precipitation hardening due to y' precipitates 
(a) Solid Solution Hardening 
Solid solution hardening capabil1ty of various alloying elements 
up to 0.6 T M has been related to atomic size misfit in the matrix y as 
measured by latt ice expansion (38). In addition, a superimposed effect 
can be attributed to the electron vacancy number. Part of this 
addition~l effect may result from lowering of the stacking fault energy 
which 1nhiblts cross-sl1p. At higher temperatures} above 0.6 T M and 1n 
the range of high temperature creep, y strengthening is diffusion 
dependent. Elements such as Mo and Ware quite influential at these 
high temperatures. 
(b) Precipitation Hardening 
The strengthening of alloys by precipitates can be expressed in 
the simplest form in terms of alloy hardness vs. particle size; such a 
diagram for a Ni-Cr-Ti-Al alloy is seen in Figure 2 (42). On the 
ascending curve, y' is cut by dislocations; on the descending curve, 
dislocation bypass the y' phase. The important factors which effect 
the extent of hardening are: anti-phase boundary and stacl"ng fault 
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energy of y', solid-solution of y', coherency strains, volume fraction of 
y', y' particle size, diffusivity in y', y' phase stability and y-y' 
modulus mismatch. These contributing factors are not additive. 
Specific details of strengthening mechanisms in superal10ys are given 
by Decker (37) and Stoloff (38). 
Factors that increase the strength of the nickel'-base superalloy due 
to y' precipitation hardening are summarized as follows (37): 
• increase volume fraction of y' 
• increase fault energy of y' 
• so Ii d so I ut i on hardened y' 
• incrl'ase coherency strains for T < 0.6 TM 
• decrease ripening rate for T > 0.6 TM 
In addition to solid solution hardening of y and y' precipitation 
hardening, carbide particle morphology, grain boundary chemistry, Tep 
phase and grain size affect the strength of thp nickel-base superalloy. 
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APPENDIX C 
HEALlNGDf CASTING BY HOT ISOSTATIC PRESSING (HIP) 
Microporosity and voids, the interval defects that have an adverse 
effect on mechanical properties and performance, .3re present in 
nickel-base superalJoy castings. These interval defects can b~ 
minimized by adjusting composition and casting practice so as to 
increas0 the local pressure during SOlidification (71). However, hot 
isostatic pressing (HIP), which is routinely used to consolidate and 
manufacture near- net-shape parts from powders in P/M, has been 
found to be the only effective means of totally ellminatlng 
microporosity and voids in castings .. 
The HI P process collapses voids and porosity by creep or plastiC 
deformation (72). It also diffusion bonds the ~,urfaces of the 
collapsed areas and creates a fully dense casting. HIP also provides the 
metallurgical benefit of structural homogenization, reducing the 
chemistry gradients created by segregation of alloying constituents. 
Secondary phases are dissolved and rep;'ecipitated in a manner peculiar 
to the coohng rate of the HIP unit. Prlmary phases, depending on 
compOSition, may also be altered (73). 
HIP does not usually affect dimensions since the voids and pores 
are small. TYPically porosity in casting can be eliminated as 
effectively in large castings as in small ones (74). However, HIP has a 
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llmitation: it cannot heal surface connected porosity, e.g. the chilled 
surface of investment cast superal10ys are generally leak-tight. Much 
work has been done to either ellminate such surface-connected 
porosity or to isolate it from the pressurizing medium (75). 
Occasionally this has been accompllshed by fusion and weld se:al1ng of 
the cut surfaces. A patented remedy, which has been extensively 
investigated and even patented, involves coating of the defective 
surfaces or encapsulation of superalloy castings in w,'ought contain\~rs 
(75). However, all of these are time consuming a'.1d can add 
significantly to the difficulty and cost of processing. 
The HIP process has t~lree principal variables - pressure, 
temperature and time. An inert gas, usually argon, is the pressurizing 
medium. Since pressures, ranging up to 200 MPa (30,000 psi), are 
applied isostatically (uniformly in all directions); parts of almost any 
shape including those with combinations of U,ick and thin cross 
sections can be HIP without distortion and with uniform properties 
throughout. Processing tempeature, which may be as high as 2000·C 
(3600·F), are within the plastic range of the material being formed -
high enough for diffusion bonding to occur, yet low enough to prevent 
undesirable microstructural changes. Close temperature control is 
critical to success in HIPing. If temperatures are too high, incipient 
melting may occur which in turn may cause accelerated grain growth in 
superalloys. If temperatures are too low, voids and pores will not 
collapse. In a HIP cycle, sufficient time is also necessary to achieve 
full densification of the casting. After HIP cycle, the castings are 
cooled in the pressure vessel under an inert cover. 
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APPENDIX 0 
MECHANICAL PROPERTIES OF NICKEL -BASE TURBINE DISK SUPERALLOYS 
0-1, Tensile properties 
The tensile strength of nickel base superalloys is an important 
consideration at operating temperature less than 700·C (1300°F); however, 
as the operating temperature increases to above 700·C (I300°F), the creep 
strength becomes more important than tensile strength (77). The 
mechanical properties at temperatures less than 700·C (J300°F) are 
reviewed in this section. 
Nickel-base superalloys are essentially a NilCr solid solution alloy 
hardened by additions of Al and Ti to preCipitate in the y' phase, 
NI3(AI,TI). The strengthening mechanisms or the sOlid-solution hardening 
of y and preCipitation hardening of y' has been reviewed briefly in the 
previous section A-3. 
The role of carbides fn superalloys is a complex phenomenon; the 
carbides appear to nucleate preferentially at grain boundaries location in 
nickel base superaII oys. Certain grain boundary carbide morphologies have 
been noted to have detrimental effects on ductility and thus efforts are 
taken to reduce the carbon levels (41). Carbides do playa major role in 
the make-up of superalloys. At the grain boundaries the carbides have a 
significant and beneficial effect for high temperature strength and the 
carbide morphology influences the ductil ity level of the alloy. 
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Me carbides are dense and very strong and will transform to M23C6 or 
M6C carbides during cooling or heat treating. M23C6 carbides have a 
significant effect on nickel alloy properties. A continuous grain boundary 
M23C6 film results in poor ductility. Cracks usually initiate either by 
fracture of these grain boundary M23C6 or by decohesion of the M23C6-Y 
interface. In addition, cellular M2JC6 has bGen reported to cause rapid 
crack propagation and premature failure (78). In contrast, the 
intergranular-y' coated blocky M2JC6 is associated with a significantly 
better combination of strength and ductility (79). Surrounding the hard 
grain boundary carbides with y' phase allows controlled slip which 
inhibits the onset of intergranular fracture (80). M6C carbides are star-Ie 
at higher temperature than M23C6 carbides, therefore, M6C is more 
beneficial as a grain boundary precipitate to control grain size in wrought 
alloys. However, the Wldmanstatten M6C phase should be avolded for an 
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acceptable level of duct it ity. 
Raymond studied the effect of grain boundary denudation of y' on 
notch-rupture ductility of Inconel alloys X-7S0 and 718 (81). The presence 
of a y' denuded zone adjacent to the grain boundaries is a consequence of 
solute depletion caused by precipitation of carbides in the grain 
boundaries. Raymond (81) and Decker (79) showed that in the absence of 
these denuded zones, there is evidence of intergranular y' deformation. In 
contrast, in the presence of denuded zones, intergraunular y' deformat ion 
was not seen and a high density of dislocations were observed in the 
denuded zones which makes the material notch-brittle. 
\ 
I 
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In nickel-based superalloys, the addit ion of elements such as 6, Zr 
and Mg offer alternative approaches to retard grain boundary diffusion by 
grain boundary segregates. 6, Zr and My segl~egate at grain boundaries and 
it should be noted that there is a large difference in their atomic diameter 
with respect to nickel - 21-29~ over or undersize (82). However, Antony 
et a1. (71) has shown that Band Zr influence the soHdificat ion range of 
these alloys such that the level of microporosity is increased. 
Sigma and other TCP phases (~ and Laves) have a specific and detri-
mental effect on propert ies of the alloy. Their plate-llke configurat ion 
act as crack initiation sites leading to low-temperature brittle failure 
(83). They contain a high refractory metal content, which depletes the y 
matrix, result ing in alloy weakening (37). 
The tensile properties of superalloys is also greatly affected by the 
grain size of the alloy. As wi 11 be seen in this work, the grain size of cast 
nickel base superalloys can be controlled through processing such as in 
rheocasting and VADER. For a given aging sequence, Gayda et al. (84) have 
shown that the yield strength increased signiflcantly with decreasing 
grain size at testing temperatures of 650'C. The ultimate tensile 
strength also exhibits similar behavior but the effect is less pronounced 
than that for the yield strength. Alloy ductility and strength were seen to 
exhibit opposing trends. 
Many cast nickel-base superalloys respond favorably to HI Ping. As a 
result of the investigations with cast hafnium modified IN 792. 
Wasielewski et al. (85) showed that HIP densification can result in 
significant improvements in tensile strength and elongation through the 
el iminat ion of shrinkage and hot tears. The improvement in tens} Ie 
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properties through HIPing make it possible to employ nickel-base 
superalloy cast iF)gs in highly stressed crit ical applicat ions. 
0-2 Fatigue Crack propagation (FCP) Rates 
Nickel 'bd~t) superalloys, used in st ltiloary turbines, generally 
exhibit 3 regimes of FCP behavior (88). Low levels of AK 
(stress-intensity factor range) is generally responsible for propagation 
rates of less than 1O-8m.cycles-l , while at high levels of AK the 
maximum stress-intensity factor, kmax' approaches the critical fallure 
stress-intensity value or Kc- In the mid AK regime, FCP rates are 
commonly described by the Paris--Erdogan law (86): 
da/dn = CAKm 
a: crack length 
n: number of cycles 
AK: stress-intensity-factor range (AK = Kmax - K min) 
c.m: function of test ing condit ions 
The R ratio is the ratio of the minimum stress intenSity factor to 
that of the maximum value, kmin/kmax; all three regions of FCP are 
influenced by the magnitude of the R ratio. However, the R ratio effect 
is more pronounced in high and low levels of AK than in the medium 
level AK region (89). For all the blade and disk materials, Holdsworth 
et a1. (87) showed that increasing R ratio from 0.1 to 0.8 resulted in a 
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reduct ion of crack growth rate. A similar result was also obtaineu by 
Wei (90) for R rat io increasing from 0,05 to 0,9. 
The effect of frequency and wave form on the FCP behavior have 
been studied by Clavel et a1. (91) on Inconel 718 alloy at a temperature 
of 550·C (1 OOO·F), It was concluded that the FCP rate at 550·C 
(1 OOO·F) was increased by a decrease 1n frequency from 20 to 5 x 10-3 
Hz, This increase in fatigue crack propagation rate with decreasing 
frequency was suggested to have occurred with a transit ion in the 
fracture mode which becamp, progressively more intergranular as the 
frequency was decreased. Moreover, the examination by Clavel et al. 
(91) un the substructures present in the fatigue plastic zones showed 
that the increase in strain rate, obtained either by increased frequency 
or by using square wave shape stress cycling, promoted a more homo-
geneous plastic deformation as compared to that occurring at lower 
strain rates obtained either by decreasing the frequency or by using 
transgranular wave shape stress cycllng. The trend to intergranular 
crack growth at lower frequency has been noted by Merrick et al. (92). 
Clavel et al. (91) have evaluated the effect of temperature on the 
FCP rate of Inconel 7~8 in air. It was found that FCP rate was 
accelerated, particularly at low stress intensity levels, by an increase 
in temperature. Macha (93) has confirmed this temperature effect by 
examining the FCP retardation behavior of IN-IOO superalloy. h. was 
suggested that high temperature oxidation made a great contribution to 
the increasing propagation rClte (93,94). Due to oxidation of the grain 
boundaries in the elevated temperature air environment, the mode of 
crack propagation changed from transgranular at room temperature to 
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intergranular at high temperature. However, in the high 6K range, the 
mechanical properties of tht bulk material would dominate the crack 
growth behavior. 
It Is a known fact that the environment can seriously affect the 
elevated temperature crack growth tn nickel-base superalloys. Air, In 
particular, is recognized as being aggressive, when compared to vacuum 
or inert gas environment (95). However, the environment has also been 
suspected of increasing the rate of crack propagation when frequency 
is reduced in high temperatIJ,,'e fatigue test (86). 
The influence of 14 different gas environments on t.he FCP rate of 
Inconel allo) 718 at 650·C (1200·F) has been studied by Floreen and 
Kane (96). The results.of this study showed that the preS0i"lCe of 
oxygen or sulfur-bearing species in a gas environment produr.es large 
Increases in the FCP rate at fl50·C. Even minor amounts of either 
species in the environment produces significant affects. It was 
concluded that there was a marked enhancement of intergranular crack 
growth rate in each case (96). Floreen et al. (97) and Gayda et al. (84) 
also showed that the FCP rate at 650·C was higher when tested in air 
than in helium or vacuum. 
Numerous investigations have been carried out (71,84,92,97-104) 
to evaluate the effects of microstructure on FCP rate if nickel base 
superalloy were tested at intermediate temperatures in air. The 
microstructures which have been studied, include grain size, y' particle 
size and grain boundary phases. 
Studies by Cowles et al. (101) and Gayda et al. (99J 100) to examine 
the fatigue behavior at 650'C of several nickel-base disk alloys, 
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including Waspaloy, Astroloy, MERL 76, IN-IOO, Rene 95 and NASA IIB-7, 
showed that the higher strength, fine grain size alloys possessed 
longer total fat igue 1 ife at low strain ranges of intereRt in disk 
applications. However, these high strength fine grain alloys were also 
the least resistant to fatigue crack propagation at 650·C. A complete 
fractographic analysis of these samples was conducted by Gayda et al. 
(99); it was shown that the rapid crack. propagat ion rates exhibited by 
the high strength, fine grain alloys were associated with an 
intergranular failure mode, while the slow crack propagation rates of 
the low strength, coarse grain alloys were associated with a 
transgranuiar failure mode. it was suggested that these crack 
pr'opagation might be linked to environmental embrittlement and/or 
creep damage assoc\ated with a grain size. Earlier reports by Merrick 
et a1. (92) and Floreen et a1. (102) also showed that a coarse grain size 
is beneficial to crack growth resistance. Recently, Gayda et a1. (84) 
have further studied the effect of grain size on 650·C fatigue crack 
propagation in P/M Astroloy. For a given 6K, the crack growth rates 
wllre found to be lnversely related to the product of strength and to the 
half power of grain size. Transitional crack propagation behavior was 
obtained with an intermediate grain size (20~m). A fine grain size 
«20~m) promoted rapid intergranular crack propagat ion which was 
virtually unaffected by variations in strength, while a coarse grain size 
(>20 ~m) promoted slower, transgranular crack growth which 
decreased with increasing strength. 
A stUdy on the FCP at 650°C in Waspaloy by f'Aerrick and Floreen 
(92) showed that changes in y' size and distribution did not markedly 
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affect fatigue crack propagation. However, Gayda and Miner in their 
recent paper (84) concluded that for the coarse grain microstructure 
(>20~m) of P/M Astroloy, the FCP rate tend to decrease with 
decreasing y,. size or increasing volume fraction of fine y'. 
Runkle and PelloU)( (9Id) have investigated the effect of grain 
boundary phases on the FCP in Astroloy at various temperatures. They 
concluded that serrated grain boundaries were beneficial in minimizing 
grain boundary sliding and lowering grain boundary crack ing growth 
rates. The most effective serrated grain boundaries were produc'cd by 
both coarse intergranular carbioes and primary y'. However, Merrick 
and Floreen (92), based on the observation of fatigue crack behavior in 
nickel-base superalloy at 650·C, stated that serrated grain boundaries 
improved the crack growth in creep but appeared to have litt Ie effect 
on either FCP rate. 
The FCP rate was also influenced by the existence of the grain 
boundary primary y' denuded zone. Hwang and Pande ( '04) showed that 
a pronounced grain boundary cavitation took place along primary y' 
denuded zones and that grain boundary sliding was the responsible 
mechanism for the cavitat ion. 
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cent sol'd1f1cat10n processes have been app11ed 1n the product10n of IN-lOa 
-base superalloy: rheocast1ng and vacuum arc double electrode remelt1ng 
). A deta1led m'crostructural exam1nat10n has been made of the products 
se two processes; assoc1ated tens1le strength and fat1gue crack propagat~on 
rate at an elevated temperature were evaluated. In rheocast1ng, process1ng 
les that have been evaluated 1nclude st1rr1ng speed, 'sothermal st1rr1ng 
nd volume fract10n so11d dur1ng 1sothermal st)rr1ng. VADER processed 
was purchased from Spec1al Metals Corp., New Hartford, NY. As-cast 1ngots 
ubjected to hot 1sostat1c press1ng (HIP) and heat treatment. Both rheo-
9 and VADER processed mater1als y1eld f1ne and equ1axed spher1cal struc-
w~th reduced macrosegregat10n 1n compar1son to 1ngot mater1als. The 
st structures are d1scussed on the bas1s of the Vogel-Doherty-Cantor model 
dr1te arm fragmentat1on. The rheocast 1ngots evaluated were super10r 1n 
strength to both VADER and commerdally cast IN~lOO alloy. Rheocast and 
'ngots may have h1gher crack propagat10n res1stance than PIM processed 
a1. 
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